Unclassified 


security  classification  of  this  page  (iVhen  Data  F.nterrd) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

1.  report  number 

2.  GOVT  ACCESSION  NO. 

3.  RECIPIENT'S  CATALOO  NUMBER 

TR-916 

DN887032 

4.  TITLE  (and  Subtitle) 

5.  TYPE  OF  REPORT  &  PERIOD  COVERED 

THEORETICAL  THERMAL  EVALUATION  OF 

Final;  Oct  1981  -  Sep  1984 

ENERGY  RECOVERY  INCINERATORS 

6  PERFORMING  ORG.  REPORT  NUMBER 

7.  AUTHORfs; 

0.  contract  or  grant  NUMBER^sJ 

C.  A.  Kodres 

9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

NAVAL  CIVIL  ENGINEERING  LABORATORY 

Port  Hueneme,  California  93043 

10.  program  element.  PROJECT.  TASK 

AREA  A  WORK  UNIT  NUMBERS 

Z0371-01-421A/B 

11.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Naval  Facilities  Engineering  Command 

Alexandria,  Virginia  22332 

12.  report  date 

December  1985 

13.  NUMBER  OF  PAGES 

83 

14.  MONITORING  AGENCY  NAME  A  ADDRESSfi/  diUerent  from  Confro/Zintf  O(fice) 

15.  security  CLASS,  (of  this  report) 

Unclassified 

15a.  DECLASSIFICATION  downgrading 
SCHEDULE 

16-  DISTRIBUTION  ST ATEMEN T  fof  Ihi s.-  /?epor/J 

Approved  for  public  release;  distribution  is  unlimited. 

17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered 

in  Block  20.  if  different  from  Report) 

18.  SUPPLEMENTARY  NOTES 

19.  KEY  WORDS  (Continue  on  reverse  side  if  necessary  and  identify  by  block  number) 

Incinerators,  energy  recovery,  heat  recovery,  solid  waste,  refuse,  combustion,  starved  air, 
substoichiometric 

20.  ABSTRACT  (Continue  on  reverse  side  if  necessary  and  idenitly  by  block  number) 

This  report  documents  a  theoretical  thermal  evaluation  of  several  energy  recovery 
incinerators.  Both  parametric  examination  and,  to  the  extent  possible,  direct  comparison 
are  included.  The  procedure  followed  is  to  model  the  incinerator  mathematically,  use  a 
computer  program  to  solve  the  governing  equations,  and  apply  this  model  to  make  the 
evaluations.  The  incinerators  studied  are  the  smaller,  about  24-tpd  devices.  Energy  recovery 
is  in  the  form  of  steam.  Three  configurations  are  considered:  a  water  tube  heat  exchanger 

DD  ,^^r73  1  47  3  EDITION  OF  1  NOV  S5  IS  OBSOLETE 


Unclassified 


Continued 


security  classification  of  this  page  (When  Data  Entered) 


_ Unclassified _ 

security  classification  of  this  PAGEftVhen  Datm  Entormd) 


20.  Continued 

downstream  from  the  combustion  chambers,  waterwalls,  and  a  combination  of  the  two. 
Both  substoichiometric  and  excess  air  operation  are  evaluated.  Results  show  the  advantages 
of  a  configuration  with  both  waterwalls  and  a  convection  boiler. 


Library  Card 


Naval  Civil  Engineering  Laboratory 
THEORETICAL  THERMAL  EVALUATION  OF 
ENERGY  RECOVERY  INCINERATORS,  (Final)  by 
C.  A.  Kodres 

TR-916  83  ppillus  December  1985  Unclassified 

1.  Incinerators  2.  Energy  recovery  I.  Z0371-01-421 A/B 

This  report  documents  a  theoretical  thermal  evaluation  of  several  energy  recovery 
incinerators.  Both  parametric  examination  and,  to  the  extent  possible,  direct  comparison  are 
included.  The  procedure  followed  is  to  model  the  incinerator  mathematically,  use  a  computer 
program  to  solve  the  governing  equations,  and  apply  this  model  to  make  the  evaluations.  The 
incinerators  studied  are  the  smaller,  about  24-tpd  devices.  Energy  recovery  is  in  the  form  of 
steam.  Three  configurations  are  considered:  a  water  tube  heat  exchanger  downstream  from  the 
combustion  chambers,  waterwalls,  and  a  combination  of  the  two.  Both  substoichiometric  and 
excess  air  operation  are  evaluated.  Results  show  the  advantages  of  a  configuration  with  both 
waterwalls  and  a  convection  boiler. 


Unclassified 


security  classification  of  this  PfKCE^When  Data  Entered) 


mm'! 

RESEARCH  DP/iSION 

KAVAL  POSIG:;n.v;JE  SCHOOL 
UOKTEREY,  CAUFORNIA  93343 


77f-R-QlR. 


NCEL 

Technical  Report 


December  1985 
By  C.  A.  Kodres 

Sponsored  By  Naval  Faoilities 
Engineering  Command 


This  report  documents  a  theoretical  thermal  evaluation  of  several  energy  recovery 
incinerators.  Both  parametric  examination  and,  to  the  extent  possible,  direct  comparison 
are  included.  The  procedure  followed  is  to  model  the  incinerator  mathematically,  use  a 
computer  program  to  solve  the  governing  equations,  and  apply  this  model  to  make  the 
evaluations.  The  incinerators  studied  are  the  smaller,  about  24-tpd  devices.  Energy  re¬ 
covery  is  in  the  form  of  steam.  Three  configurations  are  considered:  a  water  tube  heat 
exchanger  downstream  from  the  combustion  chambers,  waterwalls,  and  a  combination  of 
the  two.  Both  substoichiometric  and  excess  air  operation  are  evaluated.  Results  show  the 
advantages  of  a  configuration  with  both  waterwalls  and  a  convection  boiler. 


NAVAL  CIVIL  ENGINEERING  LABORATORY,^  PORT  HUENEME.  CALIFORNIA  93043 

4 - - 


Approved  for  public  release;  distribution  unlimited. 


METRIC  CONVERSION  FACTORS 


Approximate  Conversions  to  Metric  Measures 


Symbol 

When  You  Know 

Multiply  by 

To  Find 

Symbol 

LENGTH 

in 

inches 

*2.5 

centimeters 

cm 

ft 

feet 

30 

centimeters 

cm 

yd 

yards 

0.9 

meters 

m 

mi 

miles 

1.6 

kilometers 

km 

AREA 

in2 

square  inches 

6.5 

square  centimeters 

cm^ 

ft^ 

9 

square  feet 

0.09 

square  meters 

m2 

^"2 

square  yards 

0.8 

square  meters 

m^ 

square  miles 

2.6 

square  kilometers 

km^ 

acres 

0.4 

hectares 

ha 

MASS  (weight) 

oz 

ounces 

28 

grams 

g 

lb 

pounds 

0.45 

kilofFanns 

kg 

short  tons 

0.9 

tonnes 

t 

(2,000  lb) 

VOLUME 

tsp 

teaspoons 

5 

milliliters 

ml 

Tbsp 

taNespoons 

15 

milliliters 

ml 

ft  02 

fluid  ounces 

30 

milliliters 

ml 

c 

cups 

0.24 

liters 

I 

Pt 

pints 

0.47 

liters 

1 

qt 

quarts 

0.95 

liters 

1 

gallons 

3.8 

liters 

1  ^ 

cubic  feet 

0.03 

cubic  meters 

m^ 

yd^ 

cubic  yards 

0.76 

cubic  meters 

m^ 

TEMPERATURE  (exact) 

Op 

Fahrenheit 

5/9  (after 

Celsius 

temperature 

subtracting 

091 

temperature 

Symbol 


mm 

cm 

m 

m 

km 


ha 


9 

kg 

t 


ml 

I 

I 

f 


m 

m 


3 

3 


in  -  2.54  (exactly).  For  other  exact  oonventont  and  nwre  detailed  tablet,  lee  NBS 
MItc.  PuW.  286,  Uniti  of  Weights  end  Measures,  Price  $2.25,  SD  Catalog  No.  €13.10:286. 


Approximate  Conversions  from  Metric  Measures 


When  You  Know 

Multiply  by 

To  Find 

Symbol 

LENGTH 

millimeters 

0.04 

inches 

in 

centimeters 

0.4 

inches 

In 

meters 

3.3 

feet 

ft 

meters 

1.1 

yards 

yd 

kilometers 

0.6 

miles 

mi 

AREA 

square  centimeters 

0.16 

square  inches 

in2 

square  meters 

1.2 

square  yards 

square  kilometers 

0.4 

square  miles 

mi^ 

hectares  (10,000  m^ 

')  2.5 

acres 

MASS  (weight) 

grams 

0.035 

ounces 

oz 

kilograms 

2.2 

pounds 

lb 

tonnes  (1 ,000  kg) 

1.1 

short  tons 

VOLUME 

milliliters 

0.03 

fluid  ounces 

fl  oz 

liters 

2.1 

pints 

pt 

liters 

1.06 

quarts 

qt 

liters 

0.26 

gallons 

gal 

cubic  meters 

35 

cubic  feet 

cubic  meters 

1.3 

cubic  yards 

yd^ 

TEMPERATURE  (axact) 

Olsius 

9/5  (then 

Fahrenheit 

Op 

temp)erature 

add  32) 

temperature 

-40  0 

-40  -20 


I  40 


99.6 


80 

i  ,1  i.t 


!Z0 


^40 

37 


212 


i,yj 

80  too 

oc 


CONTENTS 


Page 

INTRODUCTION  .  1 

Energy  Recovery  Incinerators  .  1 

Extent  of  This  Work .  3 

COMMENTS  ON  SOME  PARAMETERS  .  3 

Waterwall  Boilers  .  4 

Convection  Boilers  .  4 

Waterwalls  Plus  Convection  Boiler  .  4 

Starved  Air  Operation  .  4 

Combustion  Air  Inlet  Locations  .  5 

SOLID  WASTE  COMBUSTION  CHEMISTRY  .  6 

MATHEMATICAL  MODEL  .  7 

PERFORMANCE  CRITERIA  .  8 

PARAMETRIC  EXAMINATION  .  9 

Combustion  Air .  9 

Combustion  Air  Temperature  .  10 

Air  Leakage . 17 

Type  of  Waste . 17 

Waste  Feed  Rate . 17 

Moisture  Content  .  17 

Heat  Transfer  Characteristics  .  26 

Convection  Boiler  Performance  .  33 

Heat  Exchanger  System  Design  .  33 

ENERGY  RECOVERY  CONFIGURATIONS  .  33 

Incinerators  With  Downstream  Convection  Boiler  .  37 

Incinerators  With  Waterwalls  .  37 

COMPARISON  OF  CONFIGURATIONS  .  44 

SUMMARY  COMMENTS  .  44 

REFERENCES . . 

APPENDIXES 

A  -  Baseline  Established  for  Parametric  Examination  of 

Energy  Recovery  Incinerators  .  A-1 

B  -  Composition  of  Waste  Assumed  for  Parametric  Examination 

of  Energy  Recovery  Incinerators  .  B-1 

C  “  Mathematical  Modeling  of  Energy  Recovery  Incinerators  .  ,  C~1 

D  ~  Efficiency  Criteria  Used  to  Define  Performance  of 

Energy  Recovery  Incinerators  .  D-1 

V 


INTRODUCTION 


This  year  more  than  400  billion  pounds  of  solid  waste  will  be  gen¬ 
erated  in  the  United  States.  Most  of  this  waste,  possibly  as  much  as 
80%,  will  be  disposed  of  in  some  type  of  landfill.  Land  available  for 
these  fills  is  rapidly  being  consumed.  The  price  of  the  land  and  the 
distance  to  an  available  landfill  site  are  increasing,  pushing  up  the 
cost  of  landfill  disposal. 

Incineration  is  an  alternative  to  landfill  waste  disposal.  Even 
poor  incineration  will  reduce  the  volume  of  waste  by  75%;  good  incinera¬ 
tion  reduces  waste  volume  by  as  much  as  95%  (Ref  1). 

The  major  drawback  to  incineration  has  always  been  economic. 
Initial,  operating,  and  maintenance  costs  were  high.  It  was  cheaper  to 
use  landfills.  Although  incinerators  have  been  in  use  since  the  late 
1800s,  to  keep  costs  low  they  have  remained  as  unsophisticated  as  prac¬ 
tical.  They  were  simply  equipment  for  burning  the  waste.  The  combus¬ 
tion  was  very  inefficient.  Little  concern  was  shown  for  air  pollution 
or  the  inertness  of  the  ash. 

There  was  only  moderate  interest  in  recovering  the  energy  of  com¬ 
bustion.  Again,  the  reasons  were  attributable  to  economics.  Boiler 
tubes  continually  experienced  deposition  and  corrosion  problems  (Ref  2); 
thus,  maintenance  costs  increased  still  further.  Steam  generation  was 
sporadic  and  often  unpredictable. 

Events  in  the  decade  of  the  1970s  have  changed  attitudes  toward 
incineration.  A  growing  anxiety  for  the  environment  led  to  legislation 
governing  acceptable  levels  of  gaseous  and  particulate  emissions.  The 
oil  crises  created  an  awareness  of  the  limitations  of  current  energy 
sources.  These  events,  along  with  the  decreasing  availability  of  land¬ 
fills,  have  spawned  new  incinerators;  but,  of  equal  significance,  they 
have  induced  a  strong  interest  in  optimizing  the  design  and  operation  of 
these  new  incinerators. 

Energy  Recovery  Incinerators 

Energy  recovery  incineration  is  a  solution  to  two  problems: 
(1)  landfill  disposal  requirements  are  decreased  by  decreasing  the 
volume  of  the  refuse,  and  (2)  fossil  fuels  are  conserved  by  using  the 
energy  of  combustion  in  the  solid  waste.  Figure  1  is  a  schematic  of  a 
typical  energy  recovery  incinerator,  the  facility  at  the  Naval  Air 
Station  (NAS),  Jacksonville,  Fla. 

Heat  recovery  incinerators  were  introduced  briefly  in  the  United 
States  around  1900;  energy  recovery  was  initiated  in  Europe  about  this 
same  time  and  practiced  modestly  in  the  last  30  years.  Nearly  all  of 
the  U.S.  incinerators  and  most  of  the  European  devices,  however,  were 
constructed  by  simply  adding  a  downstream  heat  exchanger  to  recover  some 
of  the  energy  remaining  in  the  exhaust  (i.e. ,  adding  to  an  existing,  and 
usually  inefficient,  refractory  incinerator). 
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Figure  1.  Schematic  of  energy  recovery  incinerators  at 
Naval  Air  Station,  Jacksonville  (Ref  4). 
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Optimizing  the  design  includes  examining  other  configurations. 
Combustion  chamber  waterwalls,*  similar  to  the  configurations  common  in 
coal  burning  facilities,  are  an  example.  Refinements,  such  as  slagging 
incinerators  and  fluidized  beds,  could  be  investigated. 

Extent  of  This  Work 


This  work  is  a  theoretical  thermal  evaluation  of  different  energy 
recovery  incinerators  by  parametric  examination  and,  to  the  extent 
possible,  by  direct  comparison.  Admittedly,  a  one-to-one  comparison  is 
not  always  valid.  Parameters  can  hold  a  different  level  of  importance 
in  different  configurations.  The  evaluation  criteria  consist  of  thermal 
efficiency,  temperatures,  and  stability  of  operation.  Stability  means 
the  sensitivity  of  thermal  efficiency  (e.g. ,  steam  generation)  or  tem¬ 
peratures  (e.g. ,  flame  temperature)  to  changes  in  operating  conditions. 

The  plan-of-attack  is  to  model  the  incinerator  mathematically, 
using  a  computer  program  (called  HRI  (Ref  3))  to  solve  the  governing 
equations,  and  use  this  model  to  make  the  evaluations. 

The  energy  recovery  incinerators  studied  are  the  smaller,  about 
24-tpd,  devices.**  Energy  recovery  is  in  the  form  of  steam.  Three 
configurations  are  considered:  a  water  tube  heat  exchanger  downstream 
from  the  combustion  chambers,  waterwalls,  and  a  combination  of  the  two. 
Both  substoichiometric  and  excess  air  operation  are  evaluated.  Under¬ 
fire,  overfire,  or  secondary  combustion  airflow  is  usually  used  as  the 
independent  variable. 

The  dual  combustion  chamber  energy  recovery  incinerators  at  NAS 
Jacksonville  have  been  parametrically  examined  in  detail  (Ref  4).  This 
facility  is  used  to  represent  the  downstream,  water  tube  heat  exchanger 
configuration.  The  other  two  configurations  are  hypothetical,  although 
many  of  the  dimensions  and  operating  conditions  are  assumed  to  be  iden¬ 
tical  to  the  Jacksonville  incinerators  to  compare  facilities  of  roughly 
the  same  capacity.  The  three  energy  recovery  incinerators  are  described 
in  Appendix  A. 

This  is  the  final  report  on  the  modeling  of  energy  recovery  incin¬ 
erators.  Combined  with  References  3  and  4,  it  provides  both  the  guide¬ 
lines  and  the  tool  for  conducting  the  thermal  analyses  of  these  devices. 


COMMENTS  ON  SOME  PARAMETERS 

To  provide  a  foundation  for  the  energy  recovery  incinerator  evalu¬ 
ation,  a  brief  discussion  of  each  configuration  and  a  discussion  of  the 
combustion  airflows  are  presented.  Both  thermal  considerations,  which 
will  be  amplified  later,  and  mechanical  considerations,  which  will  not, 
are  included. 


*A  waterwall  incinerator  was  installed  by  the  Navy  at  the  Norfolk 
shipyard  in  1967.  This  was  a  180- tpd  device  generating  about 
50,000  Ib/hr  of  275-psig  steam  using  50%  excess  air. 

**Most  of  the  results  are  equally  applicable  to  the  larger  municipal 
incinerators. 


3 


Waterwall  Boilers 


Waterwalls  are  a  type  of  boiler  in  which  the  tubes  form  the  walls 
of  the  furnace.  Normally,  they  are  in  close  proximity  to  the  hearth, 
and  thermal  radiation  from  the  flame  plays  a  role  of  importance  equal  to 
convection  from  the  combustion  products  in  providing  the  heat  flux  for 
the  generation  of  steam. 

The  major  operational  advantage  of  waterwall  incinerators  is  the 
stability  they  give  to  flame  temperature,  stability  with  respect  to 
changes  in  type  of  waste  and  feed  rate  as  well  as  changes  in  combustion 
and  leakage  airflows. 

Conversely,  the  major  disadvantage  of  waterwall  incinerators  is  the 
instability  of  the  steam  generation.  This  is  attributable  to  the  sensi¬ 
tivity  that  radiation  from  the  flame*  has  to  changes  in  chemical  energy 
release  (e.g. ,  to  changes  in  the  composition  of  the  fuel,  moisture  con¬ 
tent,  or  feed  rate).  A  second  disadvantage  is  a  vulnerability  to  the 
corrosive  effects  of  products  of  pyrolysis  and  products  of  incomplete 
combustion.  For  example,  carbon  monoxide,  hydrogen  chloride,  and  hydro¬ 
gen  sulfide  are  known  to  attack  metal  surfaces  (Ref  2, 5, 6, 7).  The 
problem  becomes  particularly  severe  for  starved  air  operation.  Finally, 
because  of  their  location,  waterwalls  are  vulnerable  to  the  erosive 
effects  of  the  solid  particulate  carried  along  with  the  combustion 
products. 

Convection  Boilers 


Convection  (usually  water  tube)  boilers  are  heat  exchangers  in 
which  the  tubes  are  placed  in  the  path  of  the  combustion  gases,  and 
steam  is  generated  from  the  energy  transferred  by  convection.  This  is 
the  configuration  shown  schematically  in  Figure  1. 

With  a  convection  boiler,  the  major  advantages  and  disadvantages 
are  reversed.  Energy  recovery  efficiency  is  stable,  but  the  flame 
temperature  is  very  sensitive  to  changes  in  incinerator  operating  condi¬ 
tions.  A  second  disadvantage  concerns  the  refractory.  Convection 
boiler  incinerators  inherently  require  more  refractory,  and  this  mate¬ 
rial  tends  to  fail  when  subjected  to  the  continual  heating  up  and  cool¬ 
ing  down  common  with  many  incinerators  (Ref  5). 

Waterwalls  Plus  Convection  Boiler 


The  above  characteristics  suggest  that  combining  waterwalls  and  a 
convection  boiler  might  prove  beneficial. 

Starved  Air  Operation 

Starved**  air  operation  refers  to  the  condition  where  air  supplied 
to  the  fuel  in  the  first  combustion  zone  (the  flame  or  perhaps  the  flame 
and  primary  combustion  chamber)  is  not  sufficient  to  support  stoichio¬ 
metric  combustion. 


*Recall  that  thermal  radiation  is  proportional  to  the  fourth  power  of 
the  temperatures. 

**The  term  substoichiometric  is  sometimes  applied  here. 
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Most  types  of  waste  (e.g. ,  paper  and  wood)  are  distilled  when 
subjected  to  heat  (Ref  4).  This  distillation  process,  called  pyrolysis, 
is  an  irreversible  degradation  of  the  solid  to  form  various  volatile 
gases,  tars,  and  a  carbonaceous  solid  residue.  Tar  contains  substances 
that  are  volatilizable  at  higher  temperatures  (Ref  8). 

The  volatile  matter  is  emitted  vol umetrical ly  from  the  interior  of 
the  solid  and  represents  the  primary  combustibles.  With  most  types  of 
waste,  the  volatiles  comprise  about  80%  of  the  total  mass.  Once  the 
volatiles  are  released,  the  carbon  residue  is  itself  combustible. 

The  heat  of  pyrolysis  may  be  endothermic  or  exothermic  depending 
upon  the  type  of  solid  and  local  temperature.  For  most  types  of  waste 
it  is  close  to  being  thermally  neutral  (Ref  8). 

Thus,  under  starved  air  conditions,  the  gases  in  the  combustion 
zone  are  composed  partly  of  the  products  of  pyrolysis,  partly  of  water 
vapor  and  carbon  dioxide,  partly  of  nitrogen  and,  perhaps,  partly  of 
products  of  incomplete  combustion. 

The  primary  advantage  of  substoichiometric  operation  is  environ¬ 
mental.  When  air  velocities  through  the  burning  waste  are  low,  carry¬ 
over  of  the  solid  particulate  is  low.  Starved  air  systems  also  have 
higher  energy  recovery  efficiencies.  Flames  have  to  be  kept  cool  to 
prevent,  for  example,  glass  and  aluminum  from  melting.  Typically,  the 
flame  temperature  is  restricted  to  about  1,800®F,  with  cooling  accom¬ 
plished  either  by  starving  the  air  to  limit  the  energy  release  or  by 
diluting  the  products  of  combustion  with  excess  air.  Most  boilers  are 
able  to  reliably  operate  with  gas  temperatures  greater  than  2,000°F.* 
When  excess  air  is  supplied  to  the  flame,  combustion  is  completed  and 
boiler/  waterwall  temperatures  are  limited  to  1,800®F.  If  the  underfire 
air  is  substoichiometric,  however,  combustion  is  continued  overfire 
and/or  in  a  second  combustion  chamber,  and  higher  boiler  gas  tempera¬ 
tures  and,  thus,  higher  boiler  heat  transfer  rates  can  be  achieved. 

There  are  disadvantages  with  starved  air  systems.  Control  of  the 
incinerator  is  difficult.  Starved  air  systems  must  also  be  capable  of 
operating  in  an  excess  air  mode;  changes  in  fuel  characteristics  often 
force  them  into  such  a  mode.  The  correct  response  to  a  high  substoichi¬ 
ometric  flame  temperature  is  opposite  to  the  correct  response  to  a  high 
excess  air  flame  temperature.  The  current  operating  point  must  be 
identified,  and  this  requires  more  than  a  simple  temperature  measure¬ 
ment.  Several  temperatures  or,  perhaps,  gas  composition  must  be  deter¬ 
mined.  Controls  capable  of  making  this  distinction  are  complex  and 
expensive.  A  related  disadvantage  is  the  extreme  sensitivity  of  starved 
air  incinerators  to  changes  in  operating  conditions.  Another  disadvan¬ 
tage  is  the  corrosive  effect  of  the  products  of  incomplete  combustion  on 
incinerator  components. 

Combustion  Air  Inlet  Locations  (Ref  1) 

The  chief  function  of  underfire  air  is  to  achieve  burnout  of  the 
waste;  underfire  air  must  be  sufficient  to  sustain  the  combustion  level 
necessary  to  evaporate  the  moisture  in  the  waste,  pyrolyze  the  waste, 
and  then  burn  the  char.  In  addition,  the  underfire  airflow  rate  must  be 


*There  are  several  limiting  factors:  stresses,  keeping  particulates 
in  a  solid  state  to  prevent  "freezing"  on  tube  surfaces  (Ref  6),  etc. 
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high  enough  to  protect  the  grate,  low  enough  to  minimize  particulate 
carryover,  and  high/low  enough  to  control  the  flame  temperature  and  thus 
prevent  slagging  and  clinkering. 

For  excess  air  operation,  the  primary  function  of  overfire  air  is 
to  promote  the  turbulence  necessary  to  mix  the  oxygen  and  pyrolysis 
products.  This  insures  complete  combustion  and  a  homogeneous  combustion 
chamber  environment,  free  of  hot  spots  and  free  of  the  corrosive  effects 
caused  by  some  of  the  products  of  incomplete  combustion.  For  starved 
air  operation,  the  primary  function  of  overfire  air  is  to  control  the 
temperature  of  the  furnace  overfire  environment,  maximizing  heat  trans¬ 
fer  to  the  waterwalls  (when  applicable)  within  the  temperature  limita¬ 
tions  imposed  on  the  tubes  and  the  flame*  zone.  In  some  systems,  over¬ 
fire  air  is  also  used  to  cool  the  refractory. 

Combustion  air  is  supplied  to  the  secondary  combustion  chamber  to 
complete  combustion  of  the  pyrolysis  products,  when  necessary,  and  to 
control  the  temperature  of  the  combustion  gases  entering  the  convection 
boiler.  A  few  incinerators  have  secondary  combustion  chamber 
waterwal Is. 


SOLID  WASTE  COMBUSTION  CHEMISTRY  (Ref  8) 

The  combustion  of  waste  involves  several  individual  processes  in 
both  series  and  parallel.  In  broad  terms,  waste  combustion  combines 
reactions  of  the  solid  (pyrolysis  and  the  combustion  of  the  carbon 
residue)  with  reactions  involving  the  gases  (cracking  of  the  tars  and, 
finally,  combustion  of  the  volatiles). 

The  pyrolysis  of  waste  was  discussed  previously.  This  thermal 
decomposition  is  dominated  by  the  depolymerization  and  condensation 
reactions  of  cellulose  but  with  contributions  from  polyethylene  and 
other  man-made  and  natural  polymers.  During  the  decomposition,  com¬ 
pounds  are  produced  that  are  less  stable  than  the  starting  material. 
There  is  competition  between  escaping  from  the  solid  (volatilization)  or 
undergoing  further  reactions  (condensation,  ultimately  leading  to  the 
formation  of  char).  The  overall  result  is  the  creation  of  scores  of 
products  whose  relative  concentrations  are  controlled  by  physical  param¬ 
eters  such  as  heating  rates  and  temperatures.  The  time  frame  associated 
with  pyrolysis  is,  of  course,  heat  transfer  controlled,  but  in  most 
incinerators  it  is  probably  on  the  order  of  seconds. 

Char  yields  of  about  10%  by  weight  are  typical.  Combustion  of  the 
char  is  slower  than  combustion  of  the  volatiles  by  several  orders  of 
magnitude  and  is  much  slower  than  most  pyrolysis  reactions.  Regardless, 
ignition  of  the  volatiles  usually  produces  such  a  rapid  temperature 
increase  that  the  consumption  of  the  char,  albeit  lagging,  is  accom¬ 
plished  very  rapidly.  The  overall  combustion  reactions  are  (Ref  9,  10): 

20+0^  ^  2C0 

2C0  +  0^  ^  2CO2 


*As  will  be  shown  later,  radiation  from  the  overfire  combustion  gases 
back  to  the  flame  is  not  insignificant. 
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At  high  temperatures,  there  is  experimental  evidence  suggesting  that  the 
reduction  of  carbon  dioxide  by  the  carbon  at  the  solid  surface  is  also  a 
significant  mechanism  (Ref  10), 

CO2  +  C  2C0 

Temperatures  of  1,800°F  and  residence  times  in  minutes  are  suffi¬ 
cient  to  crack  most  tars.  Both  are  typical  with  incinerators. 

When  additional  oxygen  is  present  (in  excess  of  that  required  to 
burn  the  char)  or  added  overfire  or  into  a  secondary  chamber,  some  or 
^  the  volatiles  are  consumed.  The  chemical  reactions  are  very 

rapid.  Diffusion  flames  are  expected,  controlled  by  heat  and  mass 
transfer.  Under  such  rapid  burning  conditions,  combustion  occurs  by 
layers,  and  the  unburnt  gases  have  about  the  same  composition  as  the 
reactants  (with  additional  carbon  dioxide  and  water  vapor).  This  is  an 
"all  or  nothing"  process.  Ignition  occurs,  temperatures  rise  rapidly, 
and  all  local  carbon  and  hydrogen  is  converted  to  carbon  dioxide  and 
water  vapor.  If  the  incinerator  is  starved,  the  unburnt  volatiles  are 
simply  heated  up. 


MATHEMATICAL  MODEL 


A  diffusion  flame  is  hypothesized. 

Although  it  would  be  beneficial  to  identify  the  composition  of  the 
gases  at  various  locations  throughout  the  incinerator,  the  problems  are 
overwhelming.  There  are  hundreds  of  pyrolysis  and  combustion  products 
whose  relative  concentrations  are  influenced  by  and,  simultaneously, 
influence  the  operation  of  the  incinerator.  Time  as  well  as  steady 
state  conditions,  such  as  temperature,  become  important. 

No  attempt  will  be  made  to  identify  the  gases.  For  purposes  of 
specific  snd  emissivity  calculations,  the  waste  is  assumed  to  be 
burned,  within  the  limits  of  the  available  oxygen,  completely  to  carbon 
dioxide  and  water  vapor.  Products  of  pyrolysis  not  consumed  will  be 
assumed  cracked  to  hydrogen,  carbon  monoxide,  and  carbon  dioxide 
(Ref  8). 

Thus,  the  waste*  combustion  is  simulated  by  the  reaction 


CHON 

"1  "2  "3  "4 


"5»2°  " 


"6°2 


3.76 


n^CO^  +  (n^  +  ng)  H^O  +  ngCO  +  n^^O^ 

+  (0.5  n^  +  3.76  ng)  N^  +  n^^H2  +  (i) 


*The  composition  of  the  waste  assumed  for  these  analyses  is  included 
as  Appendix  B. 
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In  addition,  it  is  assumed  that: 


1.  Steady  state  exists. 

2.  Kinetic  and  potential  energy  changes  are  negligible. 

3.  The  reactions  go  to  completion  regardless  of  the  temperature. 

4.  The  products  of  combustion  are  perfectly  mixed. 

5.  All  temperature  gradients  are  normal  to  the  incinerator  walls; 
individual  components  of  the  incinerator  can  be  represented  one 
dimensional ly. 

6.  The  incinerator  is  operating  at  atmospheric  pressure. 

7.  All  gases  are  ideal. 

8.  The  flame  does  not  touch  the  wall.  (The  flame  is  defined  as 
the  region  influenced  by  underfire  air.) 

9.  There  is  always  enough  energy  released  to  pyrolyze  the  waste. 

10.  Both  the  flame  and  the  inside  of  the  combustion  chambers  act  as 
black  bodies.  The  products  of  pyrolysis/combustion  are  gray. 


The  molar  coefficients  n^  through  n^  are  obtained  from  ultimate  and 
proximate  analysis  of  the  waste;  Og  is  from  the  air  supplied  for  combus“ 
tion.  Equation  1  is  balanced  by  applying  conservation  of  species  and 
allocating  available  oxygen  linearly. 

Heat  absorbed  in  breaking  down  the  waste,  primarily  a  heat  of 
pyrolysis,  is  determined  by  balancing  Equation  1  for  stoichiometric  air, 
then  subtracting  the  heats  of  formation  of  the  combustion  products  from 
the  heating  value  of  the  waste.  Once  the  heat  of  pyrolysis  is  known, 
heat  released  during  combustion  with  less  than  stoichiometric  air  is 
back-calculated  in  an  analogous  manner. 

By  applying  conservation  of  energy  to  the  flame,  primary  combustion 
chamber  (PCC),  secondary  combustion  chamber  (SCC),  and  boiler,  in  se¬ 
quence,  temperatures  throughout  the  incinerator  and,  finally,  steam 
generation  are  determined. 

The  details  of  the  mathematical  simulation,  including  an  estimate 
of  accuracy,  are  given  in  Appendix  C. 


PERFORMANCE  CRITERIA 

The  efficiencies  of  both  the  boiler  alone  and  the  overall  heat 
recovery  incinerator  are  defined  using  the  heat  loss  method  (Ref  11), 


I  LOSSES 

I  INPUT 


(2) 
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For  the  boiler: 


I  LOSSES  =  sensible  heat  in  stack  gases  +  steam  lost  to  blowdown 

1  INPUT  =  sensible  heat  in  products  of  combustion  entering  boiler 
+  sensible  heat  of  feed  water 

For  the  overall  energy  recovery  incinerator: 

I  LOSSES  =  heat  lost  vaporizing  moisture  with  waste  +  heat  lost 
vaporizing  moisture  generated  by  burning  hydrogen  in 
waste  +  carbon  carried  out  as  ash  +  sensible  heat  of 
ash  +  heat  transfer  through  walls  of  PCC  and  SCO  + 
products  of  incomplete  combustion  in  stack  gases  + 
sensible  heat  in  stack  gases  +  steam  lost  to  blowdown 

Z  INPUT  —  chemical  energy  in  waste  and  oil  +  sensible  energy  in 
waste,  oil,  air,  and  feed  water  +  external  power 
requi rements 


This  definition  of  efficiency  is  preferable  because  it  isolates  the 
individual  components  of  the  energy  recovery  incinerator,  simplifying 
Identification  of  significant  parameters.  Individual  terms  in  the 
summations  are  mathematically  described  in  Appendix  D. 


PARAMETRIC  EXAMINATION 

Different  parameters  affecting  the  operation  of  energy  recovery 
incinerators  are  examined.  These  parameters  include  controlled  inputs, 
such  as  combustion  airflow  and  waste  feed;  uncontrolled  inputs,  such  as 
leakage  air;  physical  characteristics,  such  as  heat  transfer;  and, 
finally,  design  characteristics,  such  as  the  type  and  size  of  the  heat 
exchangers. 

Combustion  Air 


Both  underfire  and  overfire  air  can  be  controlled  as  the  means  of 
controlling  the  operation  of  the  incinerator.  Overfire  combustion  does 

flame  temperature,  changing  thermal  radiation  between 
the  PCC  combustion  products  and  the  flame.  However,  with  low  flame  tem¬ 
peratures,  i.e. ,  with  waterwalls,  this  effect  is  limited.  Underfire  air 
usually  makes  a  better  instrument  for  incinerator  control.  Figures  2 
through  5  show  incinerator  temperatures  and  efficiencies  plotted  as  a 
function  of  underfire  or  overfire  air. 

Figure  6  shows  the  effects  of  secondary  combustion  chamber  airflow 
on  the  performance  of  energy  recovery  incinerators.  There  is  a  strong 
dependency  between  SCC  temperature  and  SCC  airflow;  nevertheless  the 
overall  efficiency  of  the  incinerator  is  not  a  strong  function  of  SCC 
temperature.  Increasing  SCC  airflow  decreases  the  combustion  chamber 
temperature  and,  subsequently,  the  temperature  gradient  across  the 
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boiler  tubes,  but  this  effect  is  partially  compensated  for  by  increased 
heat  transfer  characteristics  induced  by  the  increase  in  the  velocity  of 
the  gases  flowing  over  the  water  tubes, 


^CONV  “ 


N 


n 

Re 


where 


^CONV  ~  convection  heat  transfer  coefficient 


=  Reynolds  number  oc  velocity 


n  =  constant 


Efficiency  advantages  of  starved  air  incinerators  are  apparent  when 
Figure  6  is  examined  closely.  About  45%  of  stoichiometric  air  is  pro¬ 
vided  to  the  PCC.  By  adding  air  to  the  SCC,  combustion  of  the  remaining 
pyrolysis  products  is  completed,  and  gas  temperatures  are  raised  to  any 
limit  tolerated  by  the  convection  boiler.  For  example,  if  the  boiler  is 
designed  for  2,000°F  combustion  gases  and  the  flame  temperature  is 
limited  to  1,800,  the  extra  200®F  is  worth  an  energy  recovery  efficiency 
increase  of  3  and  7%  with  and  without  waterwalls,  respectively.  (Move 
from  1,800  to  2,000°F  along  the  SCC  temperature  curves  on  Figure  6  and 
note  the  corresponding  increase  in  overall  efficiency.) 

Combustion  Air  Temperature 

Sensible  energy  remaining  in  the  stack  gases  is  the  largest  incin¬ 
erator  performance  loss.  One  method  used  to  increase  the  efficiency  of 
these  devices  is  to  use  some  of  this  energy  to  preheat  the  combustion 
air,  a  technique  common  with  coal  boilers. 

The  initial  temperature  of  the  combustion  airflow  is  used  as  the 
independent  variable  in  Figure  7.  On  these  graphs,  the  total  airflow  is 
held  constant.  Another  way  of  showing  the  advantages  of  preheating 
might  be  to  hold  the  flame  temperature  constant  and  change  the  combus¬ 
tion  airflow. 

When  operating  below  flame  and/or  boiler  temperature  limits,  air 
preheating  can  be  used  to  raise  these  temperatures  and,  therefore,  steam 
generation  as  shown  in  Figure  7  (all  other  input  remaining  constant). 
Alternatively,  when  already  operating  at  maximum  allowed  temperatures, 
airflows  can  be  increased,  increasing  the  heat  transfer  rate  between  the 
combustion  products  and  the  waterwalls  and/or  tubes,  thus  increasing 
steam  generation  rates.  (Increasing  airflows  is,  of  course,  not  a  valid 
modification  when  the  incinerator  is  starved.)  Assuming  a  stack  gas 
temperature  of  500°F  and  using  it  to  preheat  the  air  to  200°F,  the  effi¬ 
ciency  of  the  energy  recovery  incinerator  might  be  increased  by  4  or  5%. 
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OVERALL  LFHClsEi^CT  OVERALL  EFFICIENCY 


NOTES: 


(1)  COMPOSITE  WASTE 

(2)  WASTE  FEED  RATE  =  150  0  LB/HR 

(3)  see  AIR  =  460  LB/MIN  -  (U/F  +0/F)AIR 


Figure  2.  Effect  of  overfire  air  on  the  efficiency  of 
energy  recovery  incinerators. 
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rCMPERATURt  {DLG  F)  TEMPERATURE  (PCG  F) 


NOTES: 


Figure  3.  Effect  of  overfire  air  on  temperature  profiles 
through  different  energy  recovery  incinerators. 
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HOMOGENEOUS  FLAME  TEMPERATURE  (DEG  E) 


NOTES; 

(1)  COMPOSITE  WASTE 

(2)  WASTE  FEED  =  1500  LB/HR 


OVERFIRE  AIR  (LB/MIN) 

Figure  4.  Effect  of  overfire  air  on  the  flame  temperature 
of  an  energy  recovery  incinerator. 
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ovERAU  ernciEMCY  HowoGcwiiaus  flame  temp  (Dtcr)  homogeneous  flame  temp  (degf) 


NOTES 


(A)  CONVECTION  BOILER 


(1)  tSOO  LB/HR  OF  COMPOSITE  WASTE 

(2)  see  AIR  =  460  LB/MIN  -  (U/F  +  0/F)AIR 


i  5  0  0- 


2  0  0  0 


O/F  AIR  =  30  LB/MIN 
VARY  U/F  AIR 


IS  0  0- 

0 


J  0  0  0- 


2  5  0  0 


UNDERFIRE  OR  OVERFIRE  AIR  (LB/MIN) 


(B)  BOTH  WATERWALLS  AND  CONVECTION  BOILER 


Figure  5.  Comparison  of  underfire  and  overfire  air  as  the 
means  of  incinerator  control. 
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ErnciENcy  EFFictENcv 


NOTES: 


(3)  OVERFIRE  AIR  =  30  L0/MIN 

(4)  STOICHIOMETRIC  AIR  =  136  LB/MIN 


(1)  1500  LB/HR  OF  COMPOSITE  WASTE 

(2)  UNDERFIRE  AIR  =  30  LB/MIN 


Figure  6.  Effect  of  secondary  combustion  chamber  airflow  on 
the  performance  of  energy  recovery  incinerators. 
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STEAM  GENERATION  (LB/HR)  STEAM  GENERATION  (LB/HR) 


t2000n 


(A)  CONVECTION  BOILER  ONLY 


2  100 


70  0  0  -j — I — I — I — I — r"“’ — ' — — I — * — ' — — I — ' — ' — ' — ' — I — ' — ' — ' — ’ — P  18  0  0 
50  100  150  200  250  300 

AIR  TEMPERATURE  (DEGE) 


Figure  7.  Effect  of  initial  temperature  of  the  combustion  air 
on  incinerator  operation. 
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HOMOGENEOUS  FLAME  TEMP  (DEGF)  HOMOGENEOUS  FLAME  TEMP  (DEGF) 


Air  Leakage 


Leakage  down  the  dump  stack  has  little  effect  on  the  performance  of 
energy  recovery  incinerators.  This  is  apparent  in  Figure  8.  The  expla¬ 
nation  is  analogous  to  the  explanation  given  in  the  Combustion  Air  sec¬ 
tion:  the  decrease  in  gas  temperatures  induced  by  the  addition  of  the 
cooler  ambient  air  is  partially  compensated  for  by  the  increase  in  con¬ 
vection  coefficient  induced  by  the  increase  in  mass  flow  rate  (Reynolds 
number). 

Air  leakage  into  the  combustion  chamber  is  a  more  severe  problem. 
Leakage  here  is  tantamount  to  changing  the  combustion  airflow.  The 
effects  are  illustrated  in  Figure  9.  Effects  of  leakage  are  greater 
when  the  incinerator  is  starved.  In  the  example  shown  in  Figure  9,  a 
40-lb/hr  air  leak  causes  up  to  a  900°F  increase  in  the  flame  tempera¬ 
ture.  When  waterwalls  are  used,  air  leakage,  particularly  overfire 
leakage,  is  less  of  a  threat. 

Type  of  Waste 

Figures  10  and  11  illustrate  different  operating  conditions  expect¬ 
ed  with  different  incinerator  configurations  burning  different  types  of 
waste.  These  curves  can  only  be  considered  typical  (e.g. ,  moisture  in 
the  waste  varies  considerably  even  in  the  same  type  of  waste).  These 
curves  do,  however,  illustrate  the  problems  inherent  in  the  control  of 
energy  recovery  waste  incinerators.  For  example,  the  starved  air  com¬ 
bustion  of  plastics  requires  the  same  air  as  the  excess  air  combustion 
of  the  cellulose-type  wastes. 

The  same  trends  exist  for  operational  fluctuations  in  type  of  waste 
as  in  most  other  parameters:  waterwall  incinerators  tend  to  have  a 
stable  flame,  while  the  energy  recovery  efficiency  of  convection  boiler 
devices  is  stable. 

Waste  Feed  Rate 


The  same  observations  on  control  problems  and  stability  trends  are 
pertinent  if  the  parameter  is  the  waste  feed  rate.  Figures  12  and  13 
illustrate  this.  Although  such  radical  changes  in  feed  rates  are  un¬ 
likely  if  the  incinerator  is  even  moderately  wel 1 -operated,  fluctuations 
in  other  factors,  such  as  density  and  moisture  content,  are  tantamount 
to  changes  in  feed  rate. 

Moisture  Content 


The  major  loss  attributable  to  moisture  is  not  the  heat  lost  vapor¬ 
izing  the  water  but  the  decrease  in  the  actual  amount  of  fuel  burned. 
The  heat  of  vaporization,  about  970  Btu/lb,  although  significant,  is 
small  compared  with  the  heating  value  of  the  waste,  typically  about 
8,500  Btu/lb.  In  Figures  14  and  15,  a  30%  moisture  content  would  de¬ 
crease  energy  recovery  efficiencies  by  only  about  5%  while  steam  genera¬ 
tion  falls  off  by  nearly  35%,  the  energy  lost  vaporizing  the  waste  plus 
the  decrease  in  the  dry  weight  of  the  waste  burned. 
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TEMP  OF  COMBUSTION  PRODUCTS  ENTERING  BOILER  (DEGF) 


Figure  8.  Effect  of  leakage  down  the  dump  stack  on  steam 
generated  by  convection  boiler  energy 
recovery  incinerator. 
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STEAM  GENERATION  RATE  (LB/HR) 


HOMOGENEOUS  FLAME  TEMPERATURE  (DEG  F) 


NOTES: 

(1)  COMPOSITE  WASTE 

(2)  WASTE  FEED  =  1500  LB/HR 

(3)  NO  0/FlRE  COMBUSTION  AlP 


UNDERFIRE  AIR  (LB/MIN) 


Figure  9.  Effect  of  air  leakage  on  the  flame  temperature 
of  an  energy  recovery  incinerator. 
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NOTES: 

(1)  WASTE  TEED  =  1500  LB/HR 

(2)  NO  OVERTIRE  AIR 


Figure  10.  Effect  of  type  of  waste  on  the  flame  temperature 
of  an  energy  recovery  incinerator. 
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NOTES- 

(1)  WASTE  FEED  =  1500  L8/HR 

(2)  see  AIR  =  460  LB/M(N-U/r  AIR 

(3)  NO  OVERFIRE  AIR 
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Figure  11.  Effect  of  type  of  waste  on  the  overall  thermal 
efficiency  of  an  energy  recovery  incinerator. 
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HOMOGCNEOUS  fLAMC  TEMPERATURE  (DEGE)  HOMOGCNCOLiS  TLAME  TEMPERATURE  (DECT) 


(A)  WITHOUT  COMBUSTION  CHAMBER  WATERWALLS 


UNDERFIRE  AIR  (LB/MIN) 


(S)  WITH  PCC  WATERWALLS 


UNDERFIRE  AIR  (LB/MIN) 

Figure  12.  Effect  of  waste  feed  rate  on  the  flame 
temperature  of  an  incinerator. 
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NOTES: 

(1)  BURNING  "COMPOSITE''  WASTE 

(2)  see  AIR  =  460  LB/MIN-U/F  ATR 

(3)  NO  OVERFIRE  ALR 

(A)WITH  CONVECTION,  WATER  TUBE  BOILER 
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Figure  13. 


Effect  of  waste  feed  rate  on  the  overall 
thermal  efficiency  of  an  incinerator. 
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(a)  Effect  of  moisture  in  the  waste  (fuel)  on  the  steam  generated. 
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(b)  Effect  of  moisture  in  the  waste  on  the  overall  efficiency. 
Figure  14.  Starved  air  energy  recovery  incinerators. 
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(b)  Effect  of  moisture  in  the  waste  on  the  overall  efficiency. 


Figure  15.  Excess  air  energy  recovery  incinerators. 
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Another  consideration  is  the  effect  of  moisture  on  flame  tempera¬ 
ture.  Figure  16  shows  typical  effects  of  moisture  on  the  homogeneous 
flame  temperature.  In  this  example,  a  20%  increase  in  moisture  produces 
a  300  to  400°F  decrease  in  flame  temperature. 

Heat  Transfer  Characteri sties 


The  resistance  to  conduction  through  the  combustion  chamber  walls 
is,  by  far,  the  dominant  resistance  to  heat  transfer  (losses)  out  of  the 
incinerator.  Figure  17  compares  the  resistance  through  the  wall  with 
the  resistance  to  heat  transfer  through  the  boundary  layers  on  each  side 
of  the  wall.  Changes  in  heat  transfer  resistances  have  been  arbitrarily 
chosen;  nevertheless,  the  influence  of  the  conduction  mode  is  obvious. 

Heat  transfer  losses  are  not  normally  large.  In  Figure  17,  the 
thickness  of  the  walls  has  been  decreased  by  one-half.  Flame  tempera¬ 
ture  is  decreased  by  about  250°F  under  stoichiometric  conditions.  Total 
heat  transfer  losses  are  increased  from  9  to  16%  of  the  total  energy 
input  under  stoichiometric  conditions.  These  losses  are  increased  from 
7  to  12%  of  the  total  energy  input  under  typical  substoichiometric 
operating  conditions. 

Surprisingly,  changes  in  the  combustion  chamber  flow  characteris¬ 
tics  have  only  a  minor  effect  on  energy  recovery.*  Figures  17  (convec¬ 
tion  boiler  configuration)  and  18  (waterwal 1  configuration)  attempt  to 
illustrate  this,  showing  the  effects  that  significant  changes  in  the 
convection  coefficient  have  on  flame  temperature.  This  observation  sug¬ 
gests  designing  the  combustion  chamber  for  optimum  combustion  character¬ 
istics  and  taking  whatever  convection  coefficients  result. 

The  effect  of  the  PCC  wall  convection  coefficient  on  incinerator 
performance  is  shown  in  a  different  manner  in  Figure  19.  Total  heat 
transferred  to  the  steam  is  the  dependent  variable;  energy  sources  and 
heat  transfer  modes  are  parameters.  Two  key  points  can  be  made  from 
this  figure.  First,  net  radiation  from  the  flame  is  not  appreciably 
affected  by  changes  in  the  convection  coefficients.  Thus,  as  shown  in 
previous  figures,  the  flame  temperature  does  not  vary  much.  Second, 
combustion  chamber  flow  characteristics  have  very  little  influence  on 
steam  generation.  Increases  in  convection  heat  transfer  from  the  PCC 
combustion  products  are  balanced  by  decreases  in  radiation  from  the  PCC 
gases  and  decreases  in  convection  from  the  SCC  gases  (i.e.,  decreases  in 
steam  generation  in  the  convection  boiler).  The  problem  is  analogous  to 
five  resistances  in  parallel;  a  change  in  one  is  partially,  but  not 
completely,  attenuated  by  opposite  changes  in  the  others  because  of  the 
induced  change  in  the  potential  (temperature  difference). 

Radiation  shape  factors  (i.e.,  the  relative  geometry  of  the  flame 
and  waterwal Is)  play  a  small  but  not  insignificant  role  in  the  operation 
of  energy  recovery  incinerators.  Figures  20  and  21  show  the  effect  of 
the  shape  factor  on  temperatures  and  steam  generation,  respectively. 


*This  considers  only  heat  transfer.  Flow  characteristics  strongly 
influence  the  combustion  process,  which  certainly  influences  energy 
recovery. 
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HOMOGENEOUS  FLAME  TEMPERATURE  (DEG  F) 


NOTES: 

(1)  COMPOSITE  WASTE 

(2)  WASTE  FEED  =  1500  LB/HR 

(3)  NO  OVERFIRE  AIR 


UNDERFIRE  AIR  (LB/MIN) 


Figure  16.  Effect  of  moisture  in  the  waste  on  flame  temperature 
of  an  energy  recovery  incinerator. 
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H0W0GCNC0U5  ri^iwlC  rCMPCRATLlftC  (DCGT) 


NOTES: 


UNDERFIRE  AIR  (LB/MIN) 

Figure  17.  Effect  of  heat  transfer  characteristics  on 
flame  temperature  of  incinerator 
configurations  without  waterwalls. 
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HOMOGEKEOUS  FLAME  TEMPERATURE  (DEGF) 


NOTES- 


(1)  1500  LB/HR  OF  COMPOSITE  WASTE 

(2)  NO  OVERFIRE  AIR 


Figure  18.  Effect  of  waterwall  convection  coefficient 
on  incinerator  flame  temperature. 
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NOTES: 

(1)  1500  LB/HR  OF  COMPOSITE  WASTE 

(2)  Lf/F  AIR  =  110  LB/MIN 

(3)  NO  OVERFIRE  AIR 

(4)  see  AIR  =  350  LB/MIN 

(5)  BOTH  PCC  WATERWALLS  &  CONVECTION  BOILER 


Figure  19.  Effect  of  convection  coefficient  between  PCC 
combustion  products  and  waterwalls  on  heat 
transfer  to  boilers. 
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TEMPERATURE  (DEGF) 


NOTES; 


UNDERFIRE  AIR  (  LB/MIN  ) 

Figure  20.  Effect  of  radiation  shape  factor  between  flame 
and  waterwalls  on  incinerator  combustion 
chamber  temperatures. 
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STEAM  GENERATION  (LB/KR) 


NOTES; 


(1)  COMPOSITE  WASTE 

(2)  FEED  RATE  =  1500  LB/HR 

(3)  NO  OVERFIRE  AIR 

(4)  see  AIR  =  460  LB/MIN  -  U/F  AIR 


Figure  21.  Effect  of  radiation  shape  factor  between  flame 
and  waterwalls  on  incinerator  steam 
generation  rates. 
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Some  control  over  flame  temperature  can  be  achieved  by  designing  the  PCC 
for  optimum  shape  factors.  This  is  probably  the  most  difficult  aspect 
of  energy  recovery  design  because  of  coupled  effects  on  the  convection 
coefficients  and,  most  important,  the  combustion  characteristics. 

The  effects  of  the  shape  factor  on  waterwal 1  steam  generation  are 
important.  When  a  convection  boiler  is  added,  however,  the  overall 
increase  in  energy  recovery  induced  by  improving  the  shape  factor  may 
not  be  significant.  The  SCC  combustion  gases  are  cooler  when  they 
arrive  at  the  convection  boiler,  and  steam  generation  in  this  device 
decreases. 

Convection  Boiler  Performance 


Convection  heat  transfer  coefficients,  covering  the  range  encount¬ 
ered  in  actual  water  tube  boilers,  are  used  as  the  independent  variable 
in  Figures  22(a)  and  (b).  The  importance  of  the  choice  of  heat  exchang¬ 
ers  is  apparent;  this  topic  will  be  discussed  further  in  the  next 
section. 

The  difference  between  the  two  figures  is  a  change  in  SCC  airflow. 
A  comparison  of  (a)  and  (b)  provides  another  example  of  the  countering 
effects  of  temperature  and  mass  flow  rate  on  heat  exchanger  heat  trans¬ 
fer  and,  therefore,  steam  generation.  Figure  22(b)  summarizes  the  per¬ 
formance  of  a  convection  boiler  configuration  with  270  Ib/min  of  SCC 
air.  With  a  UA*  of  about  20,000  Btu/hr-°F,  the  SCC  temperature  is  about 
1,952°F  and  steam  generation  approaches  9,800  Ib/hr.  Increasing  the 
airflow  by  about  50%,  summarized  by  Figure  22(a),  decreases  secondary 
combustion  chamber  temperatures  by  about  500®F  and  the  logarithmic  mean 
temperature  difference  across  the  boiler  by  20%  yet  decreases  steam  gen¬ 
eration  to  only  9,100  Ib/hr,  a  decrease  of  about  7%  (again,  assuming  a 
UA  of  20,000  Btu/hr-°F). 

Heat  Exchanger  System  Design 

Figures  23  and  24  are  examples  of  the  type  of  analysis  reguired  for 
optimizing  incinerator  energy  recovery  performance.  They  show  the 
effects  of  tradeoffs  between  the  waterwal Is  and  convection  type  boiler, 
in  this  case  using  heat  transfer  area  as  the  parameter.  These  curves 
assume  areas  and  can  only  be  considered  as  typical.  Nevertheless,  they 
illustrate  the  necessity  for  tradeoffs  in  the  design.  Consider  the 
diminishing  increase  in  efficiency  and  the  increased  cost  associated 
with  a  major  increase  in  the  dimensions  of  either  the  waterwal Is  or 
convection  boiler. 


ENERGY  RECOVERY  CONFIGURATIONS 

Each  of  the  three  candidate  incinerators  is  examined  separately. 
Operating  characteristics  are  discussed,  and  the  advantages  and  disad¬ 
vantages  of  each  configuration  are  amplified. 


*UA  =  overall  heat  transfer  coefficient  times  heat  transfer  surface 
area. 


33 


EFFICIENCY  OR  LOSS  EFFICIENCY  OR  LOSS 


NOTES: 


(1)  COMPOSITE  WASTE  (4)  NO  OVERFIRE  AIR 

(2)  WASTE  FEED  =  1500  LB/HR  (5)  PCC  TEMPERATURE  =  1877  DEGF 

(3)  U/F  AIR  =  40  LB/MIN  (6)  UA  =  OVERALL  HEAT  TRANSFER  COEFFICIENT 

TIMES  HEAT  TRANSFER  SURFACE  AREA 


UA  (BTU/HR  -  DEGF) 


UA  (BTU/HR  -  DEGF) 


Figure  22.  Effect  of  boiler  performance  on  the  overall 
performance  of  convection  boiler  type  of 
energy  recovery  incinerator. 
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STEAM  GENERATION  (LB/HR)  STEAM  GENERATION  (LB/HR) 


NOTES: 

(1)  1500  LB/HR  OF  COMPOSITE  WASTE 

(2)  NO  OVERFIRE  AIR 

(3)  see  AIR  =  460  LB/MIN  -  U/F  AIR 

(4)  STOICHIOMETRIC  AIR  =  136  LB/MIN 


WATER  TUBE  HEAT  TRANSFER  AREA(SQ  FT) 


Figure  23.  Effect  of  heat  exchanger  sizes  on  the  performance 
of  a  starved  air  incinerator  with  both 
waterwalls  and  convection  boiler. 


35 


NOTES: 

(0  PCC  SURFACE  AREA  =  488  SQ  FT 

(2)  COMPOSITE  WASTE 

(3)  WASTE  FEED  RATE  =  1500  LB/HR 

(4)  see  AIRFLOW  =  460  LB/MIN  -  U/F  AIR 

(5)  NO  OVERFIRE  AIR 

(6)  STOICHIOMETRIC  AIR  =  136  LB/MIN 

(7)  HCONV  =  5  BTU/HR  -  SQ  FT  -  DEG(F) 
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Figure  24.  Effect  of  heat  exchanger  sizes  on  the  performance 
of  an  excess  air  incinerator  with  both 
waterwalls  and  convection  boiler. 
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Incinerators  With  Downstream  Convection  Boiler 


Typical  temperature  profiles  through  an  incinerator  with  a  convec¬ 
tion  boiler  are  shown  in  Figure  25.  Of  primary  significance  is  the  high 
sensitivity  of  the  flame  temperature  to  changes  to  combustion  airflow, 
in  particular  during  starved  air  operation.  The  reason:  very  little 
energy  is  lost  out  of  the  primary  combustion  chamber.  Most  of  the 
energy  released  during  combustion  is  used  for  heating  the  products  of 
combustion.  Temperatures  in  these  devices  are  also  sensitive  to  other 
parameters,  such  as  type  and  rate  of  the  feed. 

This  figure  also  illustrates  the  difficulty  of  controlling  this 
incinerator.  Small  changes  in  the  operating  parameters  induce  major 
changes  in  temperature  to  which  the  control  system  must  respond,  usually 
by  changing  the  combustion  air. 

When  total  airflow  into  the  incinerator  is  a  constant,  secondary 
combustion  chamber  temperatures  remain  approximately  constant.  This  is 
the  case  for  the  incinerator  summarized  in  Figure  25.  All  energy  has 
been  released,  and  all  mass  has  entered  the  device  by  the  time  the  SCC 
is  exited.  The  only  difference  is  minor  PCC  and  hearth  losses. 

When  total  combustion  air  is  varied  by  varying  SCC  air,  as  shown  in 
Figure  6,  the  secondary  chamber  temperature  varies  considerably.  The 
air,  itself,  has  to  be  heated;  the  mass  of  this  airflow  affects  both 
temperatures  and  heating  rates. 

Overall  efficiencies  follow  the  same  trend.  Figures  26  and  27  show 
this.  With  a  constant  energy  and  constant  mass  input  to  the  boiler,  the 
steam  generation,  and,  therefore,  the  overall  energy  recovery  efficien¬ 
cy,  is  constant.  Vary  the  parameters  (e.g. ,  the  combustion  airflow)  and 
temperature  gradients  are  changed,  inducing  different  steam  generation 
rates. 

The  loss  from  sensible  energy  remaining  in  the  stack  gases  is,  by 
far,  the  major  loss.  This  is  the  case  with  all  configurations.  It 
illustrates  the  advantage  gained  by  reducing  this  loss  by  using  some  of 
this  energy  to  (1)  preheat  the  combustion  air  (see  again  Figure  7); 
(2)  preheat  the  feed  water  (i.e. ,  economizing);  or  (3)  superheat  the 
steam. 

Incinerators  With  Waterwalls 


Temperature  profiles  through  a  typical  waterwall  incinerator  are 
represented  in  Figure  28.  The  important  difference  is  a  much  lower 
flame  temperature  than  occurs  in  incinerators  without  waterwalls,  given 
the  same  conditions.  In  addition,  the  flame  temperature  is  much  less 
sensitive  to  changes  in  these  conditions.  Both  are  attributable  to  the 
higher  heat  transfer  rates  away  from  the  flame,  primarily  radiation  to 
the  waterwalls. 

Overall  performance  of  waterwall  incinerators  is  represented  in 
Figure  29  for  devices  with  only  waterwalls  and  in  Figure  30  for  incin¬ 
erators  with  both  waterwalls  and  a  downstream  convection  boiler.  Adding 
the  convection  boiler  has  the  obvious  effect  of  stabilizing  the  perfor¬ 
mance  of  the  waterwall  incinerator.  The  efficiency  of  the  convection 
boiler  will  tend  to  increase  as  the  efficiency  of  the  waterwalls  drops. 
More  internal  thermal  energy  is  retained  by  the  air  and  combustion 
products  reaching  the  convection  boiler. 
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TEMPERATURE  (DEGF) 


NOTES: 


UNDERFIRE  AIR  (  LB/MIN  ) 

Figure  25.  Typical  temperature  profiles  through  waste  incinerator 
with  convection,  water  tube  boiler. 
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EFFICIENCY  OR  LOSS 


NOTES: 
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Figure  26.  Typical  performance  of  convection,  water  tube 
energy  recovery  incinerator. 
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OVERALL  CrnCIENCY  OF  ENERGY  RECOVERY  INCINERATOR 


NOTES; 


(1)  FEED  RATE  =  1500  L8/HR 

(2)  see  AIR  =  460  LB/MIN  -  U/F  AIR 

(3)  NO  OVERFIRE  AIR 

(4)  WATERWALL  AREA  550  SO  FT 

(5)  pee  TOT  SURFACE  AREA  =  488  SQ  FT 
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Figure  27.  Comparison  of  the  energy  recovery  efficiency  of 
different  incinerator  configurations. 
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TEMPEIRATURE  (DEGT) 


NOTES: 
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Figure  28.  Typical  temperature  profiles  through  waste  incinerator 
with  both  waterwalls  and  convection  boiler. 
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EFFICIENCY  OR  LOSS 


NOTES: 
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Figure  29. 


Typical  performance  of  waterwall  energy 
recovery  incinerator. 


EFFICIENCY  OR  LOSS 


NOTES: 


0  100  200  300  400  500 

UNDERFIRE  AIR  (  LB/MIN  ) 

Figure  30.  Typical  performance  of  energy  recovery  incinerator 
with  both  waterwalls  and  convection  boiler. 
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COMPARISON  OF  CONFIGURATIONS 


Figures  27  and  31  show  incinerator  efficiencies  and  flame  tempera¬ 
tures  of  the  different  configurations  plotted  together.  The  advantages 
of  a  configuration  with  both  waterwalls  and  a  convection  boiler  are 
apparent.  Efficiencies  are  higher,  although  this  would  be  expected  with 
the  increased  total  heat  transfer  area.  Efficiencies  are  also  more  sta¬ 
ble.  Changes  in  flame  and  PCC  conditions  have  the  opposite  effect  on 
the  performance  of  the  waterwalls  than  on  the  performance  of  the  convec¬ 
tion  boiler  (i.e,  the  less  energy  radiated  to  the  waterwalls,  the  great¬ 
er  the  internal  thermal  energy  of  the  combustion  products  as  they  arrive 
at  the  convection  boiler). 

Although  a  direct  comparison  of  magnitudes  is  not  valid  since  spe¬ 
cific  heat  transfer  areas  are  implied,  flame  temperatures  are  normally 
much  lower  when  waterwalls  are  used.  Flame  temperatures  are  also  more 
stable.  As  much  as  two-thirds  of  the  energy  release  is  transferred  to 
the  walls  rather  than  going  into  increasing  the  internal  thermal  energy 
of  the  air  and  combustion  products.  Effects  of  changes  in  parameters 
that  change  the  release  of  the  enthalpy  of  combustion  are  reduced  in 
magnitude;  most  of  this  change  is  reflected  as  a  change  in  waterwall 
steam  generation  rates. 


SUMMARY  COMMENTS 

The  key  corollary  of  this  work  is  the  stability  and,  hence,  the 
operational  benep'ts  gained  by  using  both  waterwalls  and  a  convection 
type  of  boiler  in  the  energy  recovery  incinerator.  Some  other  obser¬ 
vations,  not  made  in  previous  work  of  this  type,  are  worth  reemphasiz¬ 
ing,  however. 

One  example  is  the  observation  that  maximum  incinerator  energy 
recovery  efficiency  might  be  acquired  by  designing  the  combustion  cham¬ 
bers  for  optimum  combustion  efficiency  and  taking  whatever  heat  transfer 
characteristics  result.  Heat  transfer  losses  are  relatively  small.  In 
particular,  the  minor  role  played  by  convection  across  the  inside  and 
outside  wall  boundary  layers  is  noteworthy.  Resistance  to  conduction 
through  the  wall  dominates.  The  layout  of  the  combustion  chambers  as 
they  affect  radiation  plays  a  small  role  when  a  convection  boiler  is 
used. 

The  countering  effects  of  temperature  and  velocity  of  the  combus¬ 
tion  gases  as  they  pass  through  the  convection  boiler  are  significant, 
resulting  in  the  relative  insensitivity  of  the  energy  recovery  incinera¬ 
tor  to  dump  stack  or  SCC  air  leakage  or  changes  in  SCC  combustion  air. 

A  final  observation  is  the  difficulties  that  will  be  encountered  in 
controlling  starved  air  incinerators.  The  high  oxygen  content  inherent 
in  the  waste  results  in  low  stoichiometric  air  requirements  (Ref  4), 
perhaps  half  the  air  required  for  the  combustion  of  the  same  amount  of 
coal.  It  follows  that  small  changes  in  incinerator  parameters  (e.g. , 
combustion  air)  produce  large  changes  in,  for  example,  temperature.  In 
addition,  the  heterogeneous  nature  of  the  fuel  tends  to  induce  excur¬ 
sions  between  starved  and  excess  air  operation.  The  operating  mode  must 
be  identifiable.  This  requires  complicated  controls,  specifically,  the 
need  for  the  input  of  several  temperatures  or  perhaps  a  gas  composition. 
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HOMOGENEOUS  FLAME  TEMPERATURE  (DEGF) 


NOTES: 


!1)  FEED  RATE  =  1500  LB/HR 

2)  COMPOSITE  WASTE 

3)  NO  OVERFIRE  AIR 

4)  WATERWALL  AREA  =  350  SQ  FT 

5)  PCC  TOTAL  SURFACE  AREA  =  488  SQ  FT 


Figure  31.  Effect  of  waterwalls  on  incinerator 
flame  temperature. 
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Appendix  A 


BASELINE  ESTABLISHED  FOR  PARAMETRIC  EXAMINATION 
OF  ENERGY  RECOVERY  INCINERATORS 


The  following  magnitudes  of  incinerator  variables  establish  the 
baseline  around  which  the  parametric  examination  is  conducted.  Unless 
otherwise  specified,  they  can  be  considered  as  input  to  the  analyses. 


GENERAL  TO  ALL  CONFIGURATIONS 
Fuel 


Composite  waste  (see  Appendix  B) 
Feed  rate  =  1,500  Ib/hr 


Ash 


Removal  rate  =  200  Ib/hr 

Higher  heating  value  =  1,417  Btu/hr 

Ultimate  analysis  (percent  by  dry  weight) 

Carbon . 5.00 

Other . 95.00 

Oil  as  Auxiliary  Fuel 

To  primary  combustion  chamber  =  0  Ib/hr 
To  secondary  combustion  chamber  =  16  Ib/hr 
Higher  heating  value  =  19,700  Btu/lb 
Ultimate  analysis  (percent  of  dry  weight) 


Carbon . 86.00 

Hydrogen . 12.00 

Oxygen . 0.50 

Nitrogen . 0.00 

Other . 1.50 


Combustion  Air 


Total  output  of  blowers  =  460  Ib/min 

With  primary  oil  burner  =  0 

With  secondary  oil  burner  =  12  Ib/min 
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Leakage  Air 


To  primary  combustion  chamber  =  10  Ib/min 
To  secondary  combustion  chamber  =  0 
Down  the  dump  stack  =  10  Ib/min 

Heat  Transfer  Parameters 


Ambient  air  temperature  =  70°F 
Surface  area  of  flame  =  112  ft^ 

Surface  area  of  SCC  =  360  ft^ 

Emissivity  of  outer  skin  =  0.75 

Film  coefficient  of  outer  skin  =  5  Btu/hr-ft2-°F 

Thermal  conductance  through  walls 

Of  primary  combustion  chamber  =  0.75  Btu/hr-ft2-°F 
Of  secondary  combustion  chamber  =  0.75  Btu/hr-ft2-°F 
Mean  beam  length 

Of  primary  combustion  chamber  =4.7  ft 
Of  secondary  combustion  chamber  =  3.9  ft 


Steam 


Feed  water  properties 

Temperature  =  227®F 
Enthalpy  =  195  Btu/lb 
Steam  properties 

Temperature  =  353°F 
Pressure  =  140  psia 
Enthalpy  =  1,193  Btu/lb 
Boiler  blowdown  =  2%  of  steam  generated 

Power  Requirements 

Blowers,  pumps,  waste  processing  equipment,  etc.  =  100  kW 


WATERWALL  CONFIGURATIONS 
Heat  Transfer  Parameters 


Waterwall  heat  transfer  area  =  350  ft^ 
Convection  film  coefficients 

Waterwall  surface  =  5  Btu/hr-ft2-®F 
Inner  surface  of  SCC  =  5  Btu/hr-ft2-°F 
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CONVECTION  BOILER  CONFIGURATIONS 


Heat  Transfer  Parameters 


Surface  area  of  PCC  =  488  ft^ 

Convection  film  coefficients 

Inner  surface  of  PCC  =  50  Btu/hr-ft^-^F 
Inner  surface  of  SCC  =  50  Btu/hr-ft2-°F 

Boiler  Characteri sties 


Surface  area  of  tubes  =  968  ft^ 

Design  point 

Inlet  gas  temperature  =  1,800°F 
Exit  gas  temperature  =  500®F 
Gas  flow  rate  =  17,000  Ib/hr 

Overall  heat  transfer  coefficient  =  9.24  Btu/hr-ft2-°F 
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COMPOSITION  OF  WASTE  ASSUMED  FOR  PARAMETRIC  EXAMINATION 
OF  ENERGY  RECOVERY  INCINERATORS 


Table  B-1  summarizes  the  compositions  of  the  different  types  of 
waste  considered  in  these  studies  (Ref  4).  The  samples  analyzed  were 
acquired  at  the  Naval  Air  Station,  Jacksonville  during  September  1980. 
Except  for  a  low  moisture  content,  indigenous  to  the  Jacksonville  area, 
the  sample  components  compare  closely  with  other  data  of  this  type 
(Ref  12). 

For  purposes  of  establishing  a  baseline,  a  "composite"  sample  was 
formed.  The  composition  of  this  sample  is  as  follows  (percent  by 
weight): 


Paper . 34. 7 

Corrugated  Boxes  .  27.9 

Plastics . 14.8 

Food  Waste . 17.1 

Textiles . 1.2 

Grass . 2.1 

Wood . 2.2 
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Table  B-1.  Assumed  Composition  of  Waste  (percent  by  weight) 


LIT  timate 

Type 

of  Waste 

Analysis  (dry) 

Paper 

Plastics 

Food 

Waste 

Grass 

Wood 

Composite 

Carbon 

39.54 

81.36 

46.25 

40.43 

45.65 

47.56 

Hydrogen 

6. 14 

7.91 

6.78 

5.81 

6.07 

6.22 

Oxygen 

52.47 

10.41 

33.25 

42.97 

45.61 

43.84 

Nitrogen 

0.13 

0.05 

2.20 

1.35 

0.20 

0.09 

Other 

1.72 

0.27 

11.52 

9.44 

2.47 

2.29 

Moi sture 

7.93 

0.05 

48.95 

24.56 

8.07 

4.32 

Heating  Value, 
8,249 

Btu/lb  dry 

7,522 

17,390 

9,704 

8,692 

8,375 

8,957 
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Appendix  C 

MATHEMATICAL  MODELING  OF  ENERGY  RECOVERY  INCINERATORS  (Ref  3) 

The  simulation  of  the  energy  recovery  incinerators  is  based  on  the 
hypothesized  combustion  reaction*: 

WW*  njHjO  *  ngOj  .  3.76  - 

^  ^8^  H2O  +  rigCO  +  ^10^2 

+  (0.5  n^  +  3.76  ng)  N2  +  n^^H2  +  n^2^  (1) 

In  addition,  it  is  assumed  that: 

1.  Steady  state  exists. 

2.  Kinetic  and  potential  energy  changes  are  negligible. 

3.  The  reactions  go  to  completion  regardless  of  the  temperature. 

4.  The  products  of  combustion  are  perfectly  mixed. 

5.  All  temperature  gradients  are  normal  to  the  incinerator  walls; 
individual  components  of  the  incinerator  can  be  represented  one 
dimensional ly. 

6.  The  incinerator  is  operating  at  atmospheric  pressure. 

7.  All  gases  are  ideal. 

8.  The  flame  does  not  touch  the  wall.  (The  flame  is  defined  as 
the  region  influenced  by  underfire  air.) 

9.  There  is  always  enough  energy  released  to  pyrolyze  the  waste. 

10.  Both  the  flame  and  the  inside  of  the  combustion  chambers  act  as 
black  bodies.  The  products  of  pyrolysis/combustion  are  gray. 


*No  attempt  is  made  to  distinguish  between  subscripts  and  coefficients. 
Numerical  values  are  of  interest  here  (i.e. ,  number  of  moles),  and 
both  contribute  in  the  same  manner. 
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The  molar  coefficients  through  are  obtained  from  ultimate  and 
proximate  analyses  of  the  fuel  (waste);  n^  is  from  the  air  supplied  for 
combustion.  For  starved  air  operation,  Equation  1,  is  balanced  by 
applying  conservation  of  species  and  allocating  available  oxygen  linear¬ 
ly  to  the  hydrogen  and  carbon  in  such  a  manner  that  the  combustion  of 
both  elements  is  complete  exactly  when  stoichiometric  conditions  are 
reached. 


2  n^  +  n^M 


Stoichiometric  air  «  +  x\^/^ 

Carbon  reacts  with  the  oxygen  to  form  carbon  monoxide  (Ref  9);  any 
oxygen  remaining  oxidizes  the  carbon  monoxide  to  form  carbon  dioxide. 
For  excess  air  operation,  water  vapor  and  carbon  dioxide  are  considered 
to  be  the  only  products  of  combustion. 


*The  program  actually  allocates  the  elemental  oxygen  rather  than  02- 
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STOICHIOMETRIC  AIR 


Stoichiometric  air  is  the  air  required  to  oxidize  the  fuel  to  water 
vapor  and  carbon  dioxide, 


"y.STOICH  "l  ’  "S.STOICH  2 

^  "y.STOICH  "e.STOICH  “  "3 
"e.STOICH  2 

’^AIR.STOICH  ^  ^  3.76(28)]  Hg  "^FUEL,  DRY 

where  Mpyg|_  Qpy  is  the  feed  rate  of  the  waste  (dry). 

HEAT  OF  PYROLYSIS 

The  heat  absorbed  in  breaking  down  the  fuel  is  primarily  a  heat  of 
pyrolysis  since  most  types  of  waste  (e.g. ,  paper  and  wood)  are  pyrolyz- 
ing  solids.  Regardless  of  the  mode,  the  energy  required  to  break  down 
the  fuel  is  easily  calculated  once  the  stoichiometric  products  of  com¬ 
bustion  have  been  determined, 

^FUEL  ^^'^FUEL,DRY  '  '^7,ST0ICH  ^C02  '  "8,ST0ICH  ^2° 

where:  HHV  =  higher  heating  value  of  fuel  (dry) 

QgQ  =  heat  of  formation  of  carbon  dioxide 
Qh  0  ~  oi"  formation  of  water  (liquid) 


ADIABATIC  FLAME  TEMPERATURE 


If  all  the  energy  released  during  the  combustion  reaction  is  as¬ 
sumed  to  be  available  to  heat  the  products,  an  upper  limit  to  the  flame 
temperature  can  be  determined.  This  temperature  is  usually  referred  to 
as  the  adiabatic  flame  temperature. 

First,  subtract  the  ash  to  derive  the  composition  of  the  fuel 
actually  burned. 


n 


1 


etc. 


'ASH 


FUEL, DRY. 


X  (moles  of  carbon  in  ash) 
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Air  supplied  to  the  flame  is  one  of  the  independent  variables 
affecting  incinerator  performance.  The  coefficient  n,  of  Equation  1  is 
determined  directly  from  the  underfire  airflow  to  the^  flame.  Once  the 
fuel  composition  and  the  air  (oxygen)  have  been  established,  Equation  1 
is  balanced  using  the  method  described  above. 

Subtracting  the  energy  lost  vaporizing  the  moisture  in  the  fuel, 

Qlost  ~  (Mass  fraction  of  moisture  in  fuel)  x  (heat  of 

vaporization  of  water  at  a  pressure  of  1  atmosphere) 


The  net  heat  released  to  the  flame  can  be  calculated, 
^FLAME  ^  (  "7  "e  ^H20  "9  ^CO 

M 

FUEL,  DRY 


and,  since  the  mass  flow  through  the  flame  is  known, 

•  •  •  • 

^FLAME  ^  ^FUEL,  WET  ^AIR  "  ^ASH 


0  * 
^FUEL 


-  Q 


LOSTj 


The  adiabatic  flame  temperature  can  be  determined  by  application  of 
conservation  of  energy. 


^FLAME  ^DATUM 


^FLAME  '^FUEL,DRY  ^^FUEL 


^AIR  ^P,AIR  ^^00) 


+  C  M 

P,ASH  ASH 


^FLAME  ^P,MIX  ^^FLAME^ 


(2) 


■^DATUM 

Cp(T) 

AT 

00 

Ah(T) 

^P,MIX 


reference  temperature  of  defined  properties 
specific  heat  at  temperature  T 

^00  ■  ^DATUM 

enthalphy  at  temperature  T  relative  to  Tn-Tiiu 

UA  I  UM 

I  (mole  fraction  x  C  „p.^) 

MIXTURE  r,ncHn 


FUEL 


*For  most  fuels,  Q 


<  0. 


^P,MEAN^^2^ 


^2  ‘  ^DATUM 


1 


/  Cp(T)  dT 


Note  that  the  temperature  dependency  of  specific  heat*  makes  Equation  2 
nonlinear.  The  relationships  of  Sweigert  and  Beardsley  (Ref  13)  were 
used  to  calculate  specific  heats  as  a  function  of  temperature.  These 
relationships  and  Equation  2  were  solved  simultaneously. 


PRIMARY  COMBUSTION  CHAMBER  TEMPERATURES 

Temperatures  in  the  primary  combustion  chamber  are  calculated  by 
solving  the  energy  equations  governing  the  flame  front,  the  combustion 
chamber  interior,  and  the  walls  of  the  primary  combustion  chamber  (PCC). 
Combustion  products  in  both  the  flame  and  the  PCC  interior  are  assumed 
to  be  perfectly  mixed.  The  homogeneous  flame  temperature  derived  in 
this  manner  can  be  considered  a  lower  limit  to  the  actual  flame  tempera¬ 
ture. 

The  flame  composition  is  already  known  from  the  adiabatic  calcula¬ 
tions.  Composition  of  the  combustion  products  in  the  primary  combustion 
chamber  is  determined  in  an  analogous  manner,  taking  into  account  oil 
injected  into  the  chamber,  overfire  air,  and  possible  air  leakage. 

If  underfire  air  is  insufficient  for  the  complete  combustion  of  the 
fuel  (wastes)  and  the  oil,  PCC  air  leakage  will  induce  further  chemical 
reaction  and,  thus,  energy  released  in  the  primary  combustion  chamber. 


Energy  terms  included  in  the  PCC  analyses  are  illustrated  sche¬ 
matically  in  Figure  C-1. 

Applying  conservation  of  energy  to  the  flame,** 


^FLAME  ^P,MIX^^FLAME^  ^^FLAME  ^ASH  ^P,ASH  ^^FLAME  ‘^RAD,F->W 


^RAD,F->G  ‘  '^FLAME  "  ^FUEL,DRY  ^^FUEL^^*) 


*The  specific  heat  of  ash  is  assumed  to  be  a  constant. 

**The  flame  is  considered  to  be  the  region  influenced  by  underfire  air. 
It  does  not  touch  the  PCC  walls  (i.e.,  there  is  no  convection  heat 
transfer  between  the  flame  and  the  walls). 
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Figure  C-1.  Conservation  of  energy  in  primary  combustion  chamber. 


^AIR  ^P,AIR^^oo^  '^^00  ■  0 


(3) 


where: 


QrAo  fT^y  =  radiation  from  flame  to  walls  of  PCC 


^FLAME  ^ 


^  ~  ^MIX^^FLAME^  ^FLAME 


^  ‘  ^MIX^^WALLS^ 


WALLS! 


^RAD.F^G 


radiation  from  flame 
the  PCC 


^FLAME  ° 


^MIX^^FLAME 


to  products  of  combustion  inside 

''  FLAME  "  ^MIX'-  PCC^  PCC 


^FLAME 

^PCC 

^WALLS 

^FLAME 


homogeneous  f 1 ame  temperature 

homogeneous  temperature  of  products  of  combustion 
in  PCC 

PCC  inside  wall  temperature 
surface  area  of  flame  front 
Stefan-Bol tzmann  constant 
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Both  the  flame  and  inside  of  the  PCC  walls  are  assumed  to  act  as 
black  bodies.  The  products  of  combustion  are  assumed  gray;  the  emis- 
sivities  of  these  gases,  derived  by  curve  fitting  the  data 
of  Hottel  et  al.  (Ref  14).  ^Gas  emissivities  are  thus  a  function  of  both 
composition  and  temperature.  The  configuration  factor  from  the  flame  to 
the  PCC  walls  is  assumed  to  be  one. 

Applying  conservation  of  energy  to  the  interior  of  the  primary 
combustion  chamber, 


^PCC  ^P,MIX^^PCC^  ^^PCC  ^  ‘^RAD,G^W  *  ^C0NV,G->W 


-  q 


-  M 


amt) 


PCC  ^RAD,F^G  FLAME  ''P, MIX"  FLAME"  FLAME 


'^OIL  ^^OIL^^oo^  "  '^AIR,LEAK  ^P,AIR^^oo)  ° 


(4) 


where:  ^r/\d  g->W  ~  radiation  from  combustion  gases  to  PCC  walls 


^PCC  ° 


4  N  4 

^MIX^^PCC^  ^PCC  '  ^MIX^^WALLS^  ^WALLS 


\0NV,G^W 


=  convection  heat  transfer  to  PCC  wall  interior 

^coNv,pcc  ^pcc^^pcc  ~  \alls^ 


Apcc  =  surface  area  of  PCC  walls 

h^nKiu  nrr  =  convection  film  coefficient 
LONV , rLL 


Finally,  applying  conservation  of  energy  to  the  walls, 

•  •  •  •  _ 

"^COND  '  ‘^RAD,Fh^W  '  ‘’rAD,G^W  ‘  ‘^CONV,&»W 

•  ♦  *  _  A 

'’rAD,V^  '’C0NV,V^  "  "^COND 

where:  ^COND  ~  conduction  heat  transfer  through  the  walls 

KApcc(Tv^ALLS  '  ^SHELL^ 


(5) 

(6) 


..  =  convection  off  outer  surface  of  PCC  walls 

^C0NV,W-x» 


^CONV,oo  ^PCC^^SHELL  ' 
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^RAD,W-»oo  ~  radiation  off  outer  surface  of  PCC  walls 

""  ^SHELL^^SHELL  " 

^SHELL  ~  temperature  of  outer  skin  of  PCC 
^SHELL  ~  emissivity  of  outer  skin  of  PCC 
K  =  conductance  of  PCC  walls 


Equations  3  through  6,  along  with  the  relationships  derived  for 
temperature  variations  of  specific  heat  and  emissivity,  are  solved 
simultaneously  for  the  temperatures  and 

SECONDARY  COMBUSTION  CHAMBER  TEMPERATURES 

Temperatures  of  the  combustion  products  and  walls  in  the  secondary 
combustion  chamber  are  calculated  in  a  manner  analogous  to  the  PCC 
problem.  The  energy  equations  governing  the  interior  of  the  secondary 
combustion  chamber  (SCC),  the  inner  walls,  and  outer  skin  are  solved 
simultaneously  while  allowing  both  specific  heat  and  emissivity  to  vary 
with  temperature.  If  combustion  is  not  completed  in  the  PCC,  secondary 
air  will  induce  further  chemical  reactions  and  requires  an  additional 
heat  source  term  in  the  energy  equation  governing  the  SCC  interior. 


HEAT  RECOVERY  BOILER 

The  boiler  unknowns  are  the  steam  generated,  the  total  heat  trans~ 
ferred  between  the  combustion  products  and  the  feed  water/steam,  and  the 
temperature  of  the  combustion  gases  as  they  enter  the  stack.  Tempera¬ 
ture  and  pressure  of  the  feed  water  and  steam  are  assumed  to  be  known. 

Waterwalls  are  simulated  by  setting  the  combustion  chamber  inner 
wall  temperature  equal  to  the  steam  temperature  (i.e.,  ignoring  the  very 
small  temperature  gradients  through  the  metal  of  the  waterwalls  and 
through  the  boundary  layer  on  the  feed  water/steam  side  of  the  system). 
Heat  transfer  to  these  walls  is  already  a  part  of  the  analysis  of  the 
PCC;  steam  generation  merely  involves  bookkeeping  the  heat  fluxes  to  the 
waterwal Is. 

Modeling  a  convection  boiler  is  more  complex.  It  is  accomplished 
by  applying  conservation  of  energy  to  the  combustion  gases,  the  feed 
water/steam,  and  to  the  overall  heat  recovery  boiler  (individual  energy 
terms  are  illustrated  in  Figure  C-2), 
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^STEAM^*’STEAM 


^STEAM^®°^^*'STEAM 


'^SCC^P.MIX(T-„„)At, 


see'  see 


^AIR,LEAK^p,AIR^^oo^^^o° 


■AAAAAAAAAAr 


^STEAM 


AVWWWVV - 


^'^see  ^LEAK^p^WIX 
^^STAeX^^^STAeK 


^STEAM^^  *  ®°^^*’fEED 


Figure  C-2.  Conservation  of  energy  in  energy  recovery  boiler. 


•  • 

^^SCC  ^AIR.LEAK^  ^P.MIX^VaCK^  ^^STACK 

♦  • 

'^STEAM  “  ^SCC  ^P.MIX^^SCC^  ^^SCC 
’  “^AIR.LEAK  ^P.AIR^^oo^  ^  °  (7) 

”STEAM  ^^STEAM^'''STEAM^  '^STEAM  ^^STEAM  ^’’’sTEAM^ 

^STEAM  ■  ^STEAM  ^^FEED^^FEED^  “  ° 

^STEAM  ■  ^MEAN^”*^^  ^BOILER  ^  °  (9) 

where:  ^SCC  ~  flow  out  of  the  secondary 

combustion  chamber 

*^AIR,  LEAK  ~  leakage  down  the  dump  stack 

^steam  ”  steam  generated  in  the  boiler 

BD  =  boiler  blowdown  as  a  fraction  of  steam 
generated 
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Ahpppp,(Tppp_)  =  enthalpy  of  feed  water  at  temperature 
relative  to 

^^TEAM^VeAM^  =  enthalpy  of  steam  at  relative  to 

q-Tp-n*  =  heat  transferred  between  combustion  products 
and  feed  water/steam 

Tepp  =  homogeneous  temperature  of  products  of 
combustion  in  SCC 


^STEAM  ~  temperature  of  the  steam  exiting  the  boiler 

T-tap|/  =  stack  gas  temperature  (i.e.  ,  temperature  of 
combustion  gases  as  they  exit  the  boiler) 


^BOILER 

LMTD 


total  surface  area  of  boiler  tubes 

logarithmic  mean  overall  temperature  difference, 
Figure  C-2 


■  ^^SCC  '  ^STEAM^  ~  ^^STACK  '  ^FEED^ 

,  ^SCC  ■  ^STEAM 
In  j - - 

STACK  FEED 


The  boiler  overall  heat  transfer  coefficient,  (M,T),  varies 
with  both  temperature  and  flow  rate.  The  magnitude  oi  unis  coefficient 
is  determined  by  noting  that  the  resistance  to  heat  transfer  from  the 
combustion  gases  is  the  dominant  resistance  and,  thus,  only  gas  proper¬ 
ties  have  an  appreciable  effect  on  Uj-p.j..  A  staggered  tube  configura¬ 
tion  (Ref  14)  is  assumed. 


0.6 


0.33 


Nu 


Re 


Pr 


where:  N,,  =  Nusselt  number 

Nu 

=  Reynolds  number 

N_  =  Prandtl  number 
Pr 


Observing  that  the  variation  in  the  one- third  power  of  the  Prandtl 
number  is  negligjble,  and  lumping  the  geometry  into  the  constant  of 
proportionality,  U,* 


U  is  back-calculated  from  boiler  performance  data  that  are  part  of 
the  input. 
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(10) 


^MEAN  ^  "^AVG^^AVG^ 


M  +  M 
see  AIR  LEAK 

^AVG^^AVG^ 


where: 


Tavg  ^^see  ^siAeK  *  ^feed  ^steam^ 

*^AVG^^AVG^  ~  thermal  conductivity  of  combustion  products  at 
the  average  temperature 

*^AVG^^AVG^  ~  viscosity  of  combustion  products  at  temperature 

^AVG 


1.5 


.  AVG 

AVG’^AVG  “  225  +  T 


(11) 


AVG 


Equations  11  are  usually  referred  to  as  the  Eucken  equations  and 
were  derived  using  the  methods  of  the  kinetic  theory  (Ref  15).  For  this 
simulation,  the  constants  of  proportionality  are  determined  by  assuming 
that  the  products  of  combustion  behave  in  the  same  manner  as  air. 

Equations  7  through  11  are  solved  simultaneously. 


NUMERICAL  METHODS 


The  numerics  involved  in  the  simulation  are  straightforward.  The 
only  portions  of  the  program  that  might  be  difficult  to  follow  are  those 
sections  involving  the  simultaneous  solution  of  the  component  energy 
equations  (e.g. ,  Equations  3  through  6).  Variable  properties  make  these 
equations  nonlinear;  an  iterative  technique  is  necessary.  The  Newton- 
Raphson  iteration  (Ref  16)  was  selected  for  this  application. 

With  this  technique,  an  initial  estimate  is  made  of  the  value  of 
the  unknowns,  e.g.. 


T 

T 

T 

T 


1 

2 

3 

4 


^FLAME 

^PCC 

^WALLS 

^SHELL 


~  3,500°R 

3,200°R 
~  3,000°R 

~  1,000®R 


A  Jacobian  of 

the 

energy  equations  is  formed 

=  F 

l(Ti, 

^2’  ^3’ 

T4) 

=  0 

=  F 

2^^1’ 

^2’  ^3’ 

T4) 

=  0 

^3 

=  F 

3(Ti, 

^2’  ^3’ 

=  0 

=  F 

^2’  ^3’ 

=  0 

3T2 

"T4 

3F2 

3F2 

3F2 

3F2 

3T2 

3T3 

aT4 

[J] 

= 

aF3 

3F3 

^'3 

3T2 

3T2 

"T3 

inverted 

» 

[J] 

=  1 

[J]'^ 

and  used 

to  improve  the  initial 

estimate. 

n 

T. 

1 

=  T 

i 

J 

2  J.  . 
=1 

•  F. 

J 

For  example. 


4 

Tni Auc  =  3500  -  2  .  ■  F .] 

flame  ^  1,J  jj 


This  improved  estimate  now  replaces  the  initial  estimate;  the  variable 
properties,  specific  heat  and  emissivity,  are  updated  based  upon  the  new 
temperatures,  and  the  calculations  are  repeated,  producing  a  still  bet¬ 
ter  estimate  of  the  unknowns.  The  iteration  continues  until  some  preset 
limit  to  the  number  of  iterations  is  reached  or  until  the  change  in  the 
calculated  value  of  all  the  unknowns  is  les,s  than  some  preset  tolerance. 
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VALIDATION  OF  MODEL 


The  most  credible  method  of  determining  the  accuracy  of  a  model  is 
to  compare  predicted  values  with  corresponding  experimental  data.  When 
incinerators  are  being  modeled,  however,  such  a  comparison  is  difficult 
because  of  the  extensive  data  required  and  because  many  necessary  mea¬ 
surements  are  not  easily  obtained  (e.g. ,  fuel  composition,  feed  rate, 
and  combustion  and  leakage  airflows).  No  incinerator  data,  sufficient 
to  validate  all  the  model's  options,  have  been  published. 

The  evaluation  tests  of  the  energy  recovery  incinerator  at  the 
Naval  Station,  Mayport,  Florida  (Ref  17),  are  probably  the  most  compre¬ 
hensive.  This  incinerator  is  an  excess  air  device  with  a  single  pass 
water  tube  boiler  located  downstream  from  the  secondary  combustion  cham¬ 
ber  as  shown  schematically  by  Figure  C-3.  Key  data  are  also  included: 
arithmetic  averages  of  the  24  hourly  readings  taken  on  9  Dec  1980. 

Ultimate  and  proximate  analyses  of  the  waste  were  conducted  once. 
The  only  gas  flow  measured  was  the  total  mass  flow  out  the  stack,  but 
this  variable  was  monitored  continuously.  SCC  combustion  air  was  set  at 
20%  in  excess  of  the  air  required  to  stoichiometrical ly  burn  SCC  oil. 
Oil  consumption  was  monitored,  and  airflow  to  the  PCC,  including  infil¬ 
tration,  was  determined  by  subtraction.  The  underfire/overfire  split 
was  ratioed  on  the  basis  of  blower  capacities.  All  other  inputs  and 
steam  generation  were  measured  directly  and  continuously. 


waste  feed  rate 
2060  Ib/hr  wet 


quench  tank 


Figure  C-3.  Cross  section  of  incineration  heat  recovery  system 
at  the  Naval  Station,  Mayport,  Florida  (Ref  17). 
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Table  C-1  is  a  comparison  of  the  predicted  and  measured  performance 
of  the  Mayport  incinerator.  This  table  provides  an  indication  of  the 
capability  of  the  model  to  simulate  excess  air  operation  and  to  predict 
steam  generation  when  a  convection  boiler  is  used.  In  addition,  the 
mass  and  energy  transfer  calculations  leading  to  the  prediction  of  an 
energy  recovery  efficiency  are  common  to  all  configurations. 

Tests  conducted  at  the  National  Bureau  of  Standards  (Ref  8)  suggest 
that  the  starved  air  combustion  of  solid  wastes  in  an  incinerator  is 
diffusion  controlled.  In  a  diffusion  flame,  part  of  the  waste  (actually 
the  products  of  the  pyrolysis  of  the  waste)  would  burn  completely  to 
water  vapor  and  carbon  dioxide,  as  much  as  the  air  supply  would  allow, 
and  the  rest  would  remain  unchanged.  This  mechanism  is  mathematically 
very  simple;  the  energy  released  and  the  quantities  of  the  combustion 
products  are  linearly  proportional  to  the  air  supplied. 

The  other  extreme  is  the  equilibrium  flame  (i.e.,  combustion  is 
controlled  by  chemical  reaction  rates).  The  energy  released  and  the 
composition  of  the  combustion  products  are  a  complex  function  of  tem¬ 
peratures,  available  oxygen,  and  the  chemical  composition  of  the  waste. 

A  modified  diffusion  flame  mechanism  is  built  into  the  model. 
Rather  than  being  oxidized  directly  to  carbon  dioxide,  carbon  is  assumed 
to  burn  in  stages,  with  carbon  monoxide  formed  initially.  If  additional 
air  is  available,  the  carbon  monoxide  is  oxidized  to  form  carbon  diox¬ 
ide.  Carbon  normally  burns  in  such  a  manner  (Ref  9),  and  this  modifica¬ 
tion  was  made  to  improve  the  predicted  composition  of  the  combustion 
products. 


Table  C-1.  Comparing  HRI  Predictions  With  the  Measured 
Performance  of  the  Incinerator  at  the 
Naval  Station,  Mayport,  Florida 


Variable 

Measured 

Val ue^ 

9  Dec  1980 

HRI 

Prediction 

PCC  gas  temperature,  °F 

1,193 

1,163 

PCC  outside  wall  temperature,  °F 

175 

197 

see  gas  temperature,  °F 

1,578 

1,499 

see  outside  wall  temperature,  °F 

221 

224 

Stack  gas  temperature,  °F 

470 

509 

Steam  generation,  Ib/hr 

7,958 

8,657 

Overall  efficiency 

0.49 

0.48 

^Reference  17. 
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The  energy  released  during  starved  air  combustion  is  examined  in 
Figures  C-4  and  C-5  with  the  combustion  mechanism  as  a  parameter. 
(Equilibrium  compositions  were  determined  using  the  program  of  Refer¬ 
ence  18).  When  burning  cellulose,  the  major  ingredient  in  most  types  of 
solid  waste,  differences  in  the  energy  released  are  negligible.  With 
plastic,  differences  are  small.  Thus,  the  model  can  be  expected  to 
accurately  predict  the  energy  released  during  starved  air  incineration 
regardless  of  the  validity  of  the  assumed  combustion  mechanism. 

A  validation  of  the  predicted  waterwall  performance  is  more  diffi¬ 
cult  and  cannot  be  made  using  theoretical  arguments.  A  comparison  with 
data  is  necessary.  Heat  transfer  to  the  waterwalls  is  the  critical 
parameter,  and  the  data  must  be  comprehensive  enough  to  separate  the 
convective  and  radiative  components  of  the  heat  flux.  Emissivity  calcu¬ 
lations  become  very  important;  the  program  must  adequately  predict  gas 
compositions,  a  problem  particularly  severe  for  starved  air  operation. 
Examination  of  the  accuracy  of  the  waterwall  simulation  will  be  post¬ 
poned. 
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Figure  C-4.  Comparison  of  equilibrium  and  diffusion  models 
in  predicting  the  progress  of  starved  air 
combustion  of  cellulose. 


LjJ 


Figure  C-5.  Comparison  of  equilibrium  and  diffusion  models 
in  predicting  the  progress  of  starved  air 
combustion  of  plastic. 


C-16 


Appendix  D 


EFFICIENCY  CRITERIA  USED  TO  DEFINE  PERFORMANCE 
OF  ENERGY  RECOVERY  INCINERATORS  (Ref  4) 


The  performance  of  the  heat  recovery  incinerator  was  evaluated  by 
applying  the  heat  loss  method  suggested  for  steam  generating  units  by 
the  American  Society  of  Mechanical  Engineers  (Ref  11).  "The  efficiency 
is  equal  to  100%  minus  a  quotient  expressed  in  percent.  The  quotient  is 
made  up  of  the  sum  of  all  accountable  losses  as  the  numerator,  and  heat 
in  the  fuel  plus  heat  credits  as  the  denominator."  Or,  in  mathematical 
form.  Equation  2, 

=  1  ^  LOSSES 
^  "  Z  INPUT 


Not  all  losses  are  included  in  the  summations,  and  some  are  slight¬ 
ly  different^  from  those  suggested  by  Reference  11  to  be  compatible  with 
the  mathematical  simulation. 


LOSSES 


Heat  lost  vaporizing  moisture  with  waste  =  M  Ah 

MOIST  fg 

Vaporization  of  water  generated  by  burning  hydrogen  in  waste 

18  n^  Ah^g 

Carbon  carried  out  with  ash  =  M  C  0 

ASH  ASH  ^CO^ 

Sensible  heat  in  ash  =  C,^  M  AT 

P,ASH  ASH  FLAME 

Heat  transfer  through  walls  of  PCC  =  KA„  (T  -  T  ^ 

PCC'-  PCC, WALLS  PCC, SHELL-' 

Heat  transfer  through  wans  of  SCO  =  KA3^c<"scC, WALLS  ’  -^SCC.SHELl) 

Incomplete  combustion  =  HpgELCngfQj.^^  - 

Sensible  heat  in  stack  gases 

*  • 

^^SCC  ^AIR,LEAK^  ‘^P.MIX^''’sTACK^  ^^STACK 
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Loss  of  steam  due  to  blowdown 


^STEAM  ^^STEAM^^STEAM^ 


INPUTS 

Chemical  plus  sensible  energy  in  waste 

MpuEL  ^^''fUEL.DRY  “  ”aIR  ^P.AIR^^o.^ 

^*^500  "^AIR.LEAK^  ^P.AIR^^a.^  ^"^oo 
Enthalpy  of  combustion  air  =  Cp  AT^ 

Chemical  plus  sensible  energy  in  oil  = 

Enthalpy  of  boiler  feed  water  =  +  BD)  Ahppppdpppp] 

Sensible  heat  of  products  of  combustion  entering  boiler 


^^SCC  ^AIR.LEAK^  ^P.MIX^^SCC^  ^^SCC 
The  power  required  to  run  accessories  is  input  directly. 
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IRE-ITTD  Input  Proc  Dir  (R.  Danford),  Eagan,  MN 

LIBRARY  OF  CONGRESS  Washington,  DC  (Sciences  &  Tech  Div) 

MARCORDIST  12,  Code  4,  San  Francisco,  CA 

MARINE  CORPS  BASE  ACOS  Fac  engr,  Okinawa;  Code  4.01  (Asst  Chief  Engr)  Camp  Pendleton,  CA;  Code 
406,  Camp  Lejeune,  NC;  Dir,  Maint  Control,  PWD,  Okinawa,  Japan;  Maint  Ofc,  Camp  Pendleton,  CA; 
PWO,  Camp  Lejeune,  NC;  PWO,  Camp  Pendleton  CA 
MARINE  CORPS  HQS  Code  LFF-2,  Washington  DC 
MCAS  Facil.  Engr.  Div.  Cherry  Point  NC 
MCAF  Code  C144,  Quantico,  VA 

MCAS  Facs  Maint  Dept  -  Operations  Div,  Cherry  Point;  PWO,  Kaneohe  Bay,  HI;  PWO,  Yuma  AZ 
MCDEC  NSAP  REP,  Quantico  VA;  PWO,  Quantico,  VA 


MCLB  Maintenance  Officer,  Barstow,  CA:  PWO  (Code  B52()),  Barstow,  CA;  PWO.  Barstow  CA 
MCRD  SCE,  San  Diego  CA 
MCAS  Code  3JA2,  Yuma,  AZ 

NAF  Dir,  Engrg  Div,  PWD,  Atsugi,  Japan;  PWO,  Atsugi  Japan:  PWO,  Misawa,  Japan 
NALF  OIC,  San  Diego,  CA 

NAS  CO,  Adak,  AK;  Code  OL,  Alameda,  CA;  Code  182,  Bermuda;  Code  183.  Jacksonville,  FL;  Code  18700, 
Brunswick,  ME;  Code  70,  Atlanta.  Marietta  GA;  Code  8E,  Patuxent  River,  MD;  Code  8EN,  Patuxent 
River.  MD:  Dir,  Engrg  Div,  Millington,  TN;  Director,  Engrg,  Div;  Engr  Dept,  PWD,  Adak,  AK;  Engrg 
Dir,  PWD,  Corpus  Christi,  TX;  Fac  Plan  Br  Mgr  (Code  183),  NI.  San  Diego.  CA;  Lead  CPO,  PWD,  Self 
Fielp  Div,  Beeville,  TX;  PWD  Maint  Div,  New  Orleans,  LA;  PWD,  Maintenance  Control  Dir.,  Bermuda; 
PWO  New  Orleans,  LA;  PWO.  Beeville,  TX;  PWO,  Cecil  Field,  FL;  PWO,  Dallas  TX;  PWO,  Glenview  IL; 
PWO,  Millington,  TN;  PWO,  Milton,  FL;  PWO,  Miramar,  San  Diego,  CA;  PWO,  Oceana,  Virginia  Beach, 
VA;  PWO,  Sigonella,  Sicily;  PWO,  South  Weymouth,  MA;  SCE  Norfolk,  VA;  SCE,  Barbers  Point,  HI; 
Security  Offr,  Kingsville,  TX 

NATL  RESEARCH  COUNCIL  Naval  Studies  Board,  Washington  DC 
NAVADMINCOM  SCE,  San  Diego,  CA 
NAVAIRDEVCEN  Code  832,  Warminster,  PA 

NAVAIRENGCEN  Dir,  Engrg  (Code  182),  Lakehurst,  NJ;  PWO,  Lakehurst,  NJ 

NAVAIREWORKFAC  Code  UK),  Cherry  Point,  NC;  Code  612.  Jacksonville,  FL;  Code  640,  Pensacola  FL* 

SCE,  Norfolk,  VA 

NAVAIRPROPTESTCEN  CO  (Code  PW-3).  Trenton  NJ 
NAVAIRTESTCEN  PWO,  Patuxent  River,  MD 
NAVAUDSVCHO  Director.  Falls  Church  VA 

NAVCAMS  PWO,  Norfolk  VA;  SCE  (Code  N-7),  Naples,  Italy;  SCE,  Guam,  Mariana  Islands;  SCE,  Wahiawa 
HI;  Security  Offr,  Wahiawa,  HI 

NAVCOASTSYSCEN  CO,  Panama  City,  FL;  Code  2230  (J.  Quirk)  Panama  City,  FL;  PWO,  Panama  City,  FL; 

Tech  Library,  Panama  City.  FL 
NAVCOMMSTA  Code  401,  Nea  Makri,  Greece 
NAVEDTRAPRODEVCEN  Tech  Library,  Pensacola,  FL 
NAVENVIRHLTHCEN  Code  642,  Norfolk,  VA 
NAVEODTECHCEN  Tech  Library,  Indian  Head.  MD 

NAVFAC  PWO  (Code  50),  Brawdy  Wales,  UK;  PWO,  Centerville  Bch,  Ferndale  CA 

NAVFACENGCOM  CO,  Alexandria,  VA;  Code  03,  Alexandria,  VA;  Code  032E,  Alexandria,  VA;  Code  ()3T 
(Essoglou),  Alexandria,  VA;  Code  04B3,  Alexandria,  VA;  Code  04M,  Alexandria,  VA;  Code  04T1B 
(Bloom),  Alexandria,  VA;  Code  051A,  Alexandria,  VA;  Code  0812,  Alexandria,  VA;  Code  09M124  (Tech 
Lib),  Alexandria,  VA;  Code  1113,  Alexandria.  VA;  Code  11  IB  (Hanneman),  Alexandria,  VA;  Code  112, 
Alexandria,  VA;  Code  1I3C,  Alexandria,  VA 

NAVFACENGCOM  -  CHES  DIV.  Code  403  Washington  DC;  Code  4()6C,  Washington,  DC;  FPO-1 
Washington,  DC;  Library,  Washington,  D.C. 

NAVFACENGCOM  -  LANT  DIV.  Br  Ofc,  Dir,  Naples,  Italy;  Code  111,  Norfolk,  VA;  Code  1112,  Norfolk, 
VA;  Code  403,  Norfolk,  VA;  Library,  Norfolk,  VA 

NAVFACENGCOM  -  NORTH  DIV.  Code  04,  Philadelphia,  PA;  Code  04AL,  Philadelphia  PA;  Code  09P, 
Philadelphia,  PA;  Code  11,  Philadelphia,  PA;  Code  ill,  Philadelphia,  PA;  ROICC,  Contracts,  Crane  IN 
NAVFACENGCOM  -  PAC  DIV.  (Kyi)  Code  101,  Pearl  Harbor,  HI;  Code  09P,  Pearl  Harbor,  HI;  Code  402, 
RDT&E,  Pearl  Harbor,  HI;  Library,  Pearl  Harbor,  HI 

NAVFACENGCOM  -  SOUTH  DIV.  Code  1112,  Charleston,  SC;  Code  403,  Gaddy,  Charleston,  SC;  Code  406 
Charleston,  SC;  Library,  Charleston,  SC 

NAVFACENGCOM  -  WEST  DIV.  09P/20,  San  Bruno,  CA;  Code  04B,  San  Bruno,  CA;  Library,  San  Bruno, 
CA;  RDT&E  LnO,  San  Bruno,  CA 

NAVFACENGCOM  CONTRACTS  AROICC,  Quanlieo,  VA;  DROICC,  Lemoore,  CA;  OICC,  Guam; 
OICC-ROICC,  NAS  Oceana,  Virginia  Beach,  VA;  OICC/ROICC,  Norfolk,  VA;  ROICC  (Code  495), 
Portsmouth,  VA;  ROICC,  Corpus  Christi,  TX;  ROICC,  Keflavik,  Iceland;  ROICC,  Key  West,  FL;  ROICC, 
Twentynine  Plams,  CA;  ROICC/AROICC,  Brooklyn,  NY;  ROICC/OICC,  SPA,  Norfolk,  VA;  SW  Pac,  Dir, 
Engr  Div,  Mania,  RP;  SW  Pac,  OICC,  Manila,  RP;  Trident,  OICC,  St  Marys,  GA 
NAVHOSP  CE,  Newport,  RI;  Dir,  Engrg  Div,  Camp  Lejeune,  NC;  Lt  Barron,  Yokosuka,  Japan;  PWO,  Guam, 
Mariana  Islands;  SCE,  Camp  Pendleton  CA;  SCE,  Pensacola  FL;  SCE,  Yokosuka,  Japan 
NAVMAG  SCE,  Subic  Bay  RP 

NAVMEDCOM  NWREG,  Head,  Fac  Mgmt  Dept.  Oakland,  CA;  SEREG,  Head,  Fac  Mgmt  Dept,  Jacksonville 
FL;  SWREG,  OICC,  San  Diego,  CA 
NAVMEDRSHINSTITUTE  Code  47,  Bethesda,  MD 

NAVOCEANSYSCEN  Code  523  (Hurley),  San  Diego,  CA;  Code  6700,  San  Diego.  CA;  Code  811  San  Diego, 
CA;  Code  964  (Tech  Library),  San  Diego,  CA 
NAVORDSTA  PWO,  Louisville  KY 
NAVPETOFF  Code  30,  Alexandria  VA 
NAVPETRES  Director,  Washington  DC 

NAVPGSCOL  Code  1424,  Library,  Monterey,  CA;  PWO,  Monterey,  CA 


NAVPHIBASE  PWO  Norfolk,  VA;  SCE,  San  Diego,  CA 
NAVSCSCOL  PWO,  Athens  GA 

NAVSEASYSCOM  Code  ()5Ri2,  Prog  Mgr  Washington,  DC;  Code  06H4.  Washington.  DC 
NAVSECGRUACT  PWO  (Code  305),  Winter  Harbor,  ME;  PWO  (Code  40),  Edzeil.  Scotland;  PWO,  Adak 
AK;  PWO,  Sabana  Seca,  PR 

NAVSHIPYD  CO.  Pearl  Harbor,  HI;  Code  202.4,  Long  Beach,  CA;  Code  202.5  (Library).  Bremerton.  WA; 
Code  380,  Portsmouth,  VA;  Code  382.3,  Pearl  Harbor,  HI;  Code  440.  Bremerton,  WA;  Code  440. 

Bremerton,  WA;  Code  440,  Norfolk.  VA;  Code  440.  Portsmouth,  NH;  Code  903,  Long  Beach,  CA;  Dir, 
PWD  (Code  420),  Portsmouth,  VA;  Library,  Portsmouth,  NH;  PWD  (Code  450-HD).  Portsmouth.  V^A; 

PWD  (Code  453-HD)  Shop  03,  Portsmouth,  VA;  PWD,  Long  Beach,  CA;  PWO,  Bremerton.  WA;  PWO, 
Mare  Island,  Vallejo,  CA;  Util  Supt  (Code  453),  Vallejo,  CA 
NAVSTA  CO,  Brooklyn,  NY;  CO,  Long  Beach,  CA;  Code  163.  KcHavik,  Iceland;  Code  18,  Midway  Island; 

Dir  Engr  Div,  PWD,  Mayport  FL;  Dir  Mech  Engr  37WC93  Norfolk,  VA;  Engrg  Dir.  Rota,  Spain;  PWO. 
Keflavik,  Iceland;  PWO,  Mayport,  FL;  SCE.  Guam,  Marianas  Islands;  SCE,  Pearl  Harbor  HI;  SCE,  San 
Diego  CA 

NAVSUPPFAC  Dir,  Maint  Control  Div,  PWD.  Thurmont,  MD 
NAVSURFWPNCEN  Code  E2I1  (C.  Rouse),  Dahlgren,  VA;  PWO,  Dahlgren,  VA 
NAVTECHTRACEN  SCE,  Pensacola  FL 
NAVWARCOL  Fac  Coord  (Code  24).  Newport,  RI 

NAVWPNCEN  Code  2636,  China  Lake,  CA;  DROICC  (Code  702),  China  Lake,  CA;  PWO  (Code  266),  China 
Lake,  CA 

NAVWPNSTA  Code  092,  Concord  CA;  Code  092A,  Seal  Beach,  CA;  Dir,  Maint  Control,  PWD,  Concord,  CA; 
K.T.  Clebak,  Colts  Neck,  NJ;  PWO,  Charleston,  SC;  PWO,  Code  09B,  Colts  Neck,  NJ;  PWO,  Seal  Beach, 
CA 

NAVWPNSTA  PWO,  Yorktown,  VA 
NAVWPNSTA  Supr  Gen  Engr,  PWD,  Seal  Beach,  CA 
NAVWPNSUPPCEN  Code  09  Crane  IN 

NETC  Code  42,  Newport,  RI;  PWO,  Newport,  RI;  Utilities  Dir  (Code  46).  Newport,  RI 
NMCB  FIVE.  Operations  Dept;  THREE.  Operations  Off. 

NOAA  Library,  Rockville,  MD 
NRL  Code  5800  Washington,  DC 

NSC  Code  09A,  Norfolk,  VA;  Code  54.1,  Norfolk.  VA;  SCE,  Charleston,  SC;  SCE,  Norfolk,  VA 
NSD  SCE,  Subic  Bay,  RP 

NUSC  DET  Code  EAi23  (R.S.  Munn),  New  London,  CT;  Code  SB  331  (Brown),  Newport  RI 
OCNR  Code  126,  Arlington,  VA 

OFFICE  SECRETARY  OF  DEFENSE  OASD  (MRA&L)  Dir.  of  Energy,  Pentagon,  Washington,  DC 

OCNR  Code  221,  Arlington,  VA;  Code  70()F,  Arlington,  VA 

PACMISRANFAC  PWO,  Kauai,  HI 

PHIBCB  1,  P&E,  San  Diego,  CA;  2,  Co,  Norfolk,  VA 

PMTC  Code  5054-S,  Point  Mugu,  CA 

PWC  ACE  (Code  110),  Great  Lakes,  IL;  ACE  Office,  Norfolk,  VA;  CO  (Code  613),  San  Diego,  CA;  Code  10, 
Great  Lakes,  IL;  Code  10,  Oakland,  CA;  Code  101  (Library).  Oakland,  CA;  Code  1013.  Oakland.  CA; 

Code  102.  Maint  Plan  &  Inspec,  Oakland.  CA;  Code  110,  Oakland,  CA;  Code  12,3-C,  San  Diego.  CA;  Code 
200,  Guam,  Mariana  Islands;  Code  400,  Pearl  Harbor,  HI;  Code  400.  San  Diego,  CA;  Code  420,  Great 
Lakes,  IL;  Code  420.  Oakland,  CA;  Code  422,  San  Diego.  CA;  Code  423,  San  Diego,  CA;  Code  424. 
Norfolk,  VA;  Code  500.  Norfolk,  VA;  Code  5(K),  Oakland,  CA;  Code  505A,  Oakland,  CA;  Code  610,  San 
Diego  Ca;  Dir  Maint  Dept  (Code  500),  Great  Lakes,  IL;  Dir,  Serv  Dept  (Code  400),  Great  Lakes,  IL;  Dir, 
Transp  Dept  (Code  700),  Great  Lakes,  IL;  Dir,  Util  Dept  (Code  600),  Great  Lakes,  IL;  Library  (Code  134). 
Pearl  Harbor,  HI;  Library,  Guam,  Mariana  Islands;  Library,  Norfolk,  VA;  Library.  Pensacola,  FL;  Library, 
Yokosuka  JA;  Prod  Offr,  Norfolk,  VA;  Tech  Library,  Subic  Bay.  RP;  Util  Dept  (R  Pascua)  Pearl  Harbor, 
HI;  Util  Offr,  Guam,  Mariana  Island 
SPCC  PWO  (Code  08X),  Mechanicsburg,  PA 
SUPSHIP  Tech  Library,  Newport  News,  VA 

U.S.  MERCHANT  MARINE  ACADEMY  Reprint  Custodian,  Kings  Point,  NY 

US  DEPT  OF  INTERIOR  Nat'l  Park  Serv  (RMR/PC)  Denver.  CO  80225 

USAF  REGIONAL  HOSPITAL  SGPM,  Fairchild  AFB.  WA 

USAFE  HO  DE-HFO,  Ramstein  AFB,  Germany 

USCG  G-MMT-4/82  (J  Spencer);  Library  Hqtrs,  Washington,  DC 

USCG  R&D  CENTER  Library,  Groton,  CT 

USNA  Ch.  Mech.  Engr.  Dept  Annapolis  MD;  Energy-Environ  Study  Grp,  Annapolis,  MD;  Mech.  Engr.  Dept. 

(C.  Wu),  Annapolis  MD;  Mgr,  Engrg,  Civil  Specs  Br,  Annapolis,  MD 
USS  FULTON  WPNS  Rep.  Offr  (W-3)  New  York,  NY 
ADVANCED  TECHNOLOGY  F.  Moss,  Op  Cen  Camarillo,  CA 
ARIZONA  State  Energy  Programs  Off.,  Phoenix  AZ 
BERKELEY  PW  Engr  Div,  Harrison,  Berkeley,  CA 

BONNEVILLE  POWER  ADMIN  Portland  OR  (Energy  Consrv.  Off.,  D.  Davey) 


BROOKHAVEN  NATL  LAB  M.  Steinberg,  Upton  NY 
CALIFORNIA  STATE  UNIVERSITY  C.V.  Chelapati,  Long  Beach,  CA 
CITY  OF  AUSTIN  Resource  Mgmt  Dept  (G,  Arnold), Austin,  TX 
CITY  OF  LIVERMORE  Project  Engr  (Dackins),  Livermore,  Ca 
CONNECTICUT  Office  of  Policy  &  Mgt,  Energy,  Div,  Hartford,  CT 
CORNELL  UNIVERSITY  Library,  Ser  Dept,  Ithaca,  NY 
DAMES  &  MOORE  LIBRARY  Los  Angeles,  CA 
DRURY  COLLEGE  Physics  Dept,  Springfield,  MO 
FLORIDA  ATLANTIC  UNIVERSITY  Boca  Raton,  FL  (McAllister) 

FOREST  INST.  FOR  OCEAN  &  MOUNTAIN  Carson  City  NV  (Studies  -  Library) 

FRANKLIN  INSTITUTE  M.  Padusis,  Philadelphia  PA 

GEORGIA  INSTITUTE  OF  TECHNOLOGY  Col.  Arch,  Benton,  Atlanta,  GA 

HARVARD  UNIVERSITY  Arch  Dept  (Mk  Kim),  Cambridge,  MA 

HAWAII  STATE  DEPT  OF  PLAN.  &  ECON  DEV.  Honolulu  HI  (Tech  Info  Ctr) 

WOODS  HOLE  OCEANOGRAPHIC  INST.  Proj  Engr,  Woods  Hole,  MA 
KEENE  STATE  COLLEGE  Keene  NH  (Cunningham) 

LAWRENCE  LIVERMORE  LAB  L-90  (F.J.  Tokarz),  Livermore,  CA 

LEHIGH  UNIVERSITY  Linderman  Libr,  Ser  Cataloguer,  Bethlehem,  PA 

LOUISIANA  DIV  NATURAL  RESOURCES  &  ENERGY  Div  Of  R&D,  Baton  Rouge,  LA 

MAINE  OFFICE  OF  ENERGY  RESOURCES  Augusta,  ME 

MISSOURI  ENERGY  AGENCY  Jefferson  City  MO 

MIT  Engrg  Lib,  Cambridge,  MA;  Hydrodynamics  Lab  (Harleman),  Cambridge,  MA 

MONTANA  ENERGY  OFFICE  Anderson,  Helena,  MT 

NATURAL  ENERGY  LAB  Library,  Honolulu,  HI 

NEW  HAMPSHIRE  Concord  NH  (Governor's  Council  on  Energy) 

NEW  MEXICO  SOLAR  ENERGY  INST.  Dr.  Zwibel  Las  Cruces  NM 
NY  CITY  COMMUNITY  COLLEGE  Library,  Brooklyn,  NY 
NYS  ENERGY  OFFICE  Library,  Albany  NY 
PORT  SAN  DIEGO  Port  Engr,  Port  Facs,  San  Diego,  CA 
PURDUE  UNIVERSITY  Lafayette,  IN  (CE  Engr.  Lib) 

SCRIPPS  INSTITUTE  OF  OCEANOGRAPHY  LA  JOLLA,  CA  (ADAMS) 

SEATTLE  U  Prof  Schwaegler  Seattle  WA 

SRI  INTL  Phillips,  Chem  Engr  Lab,  Menlo  Park,  CA 

STATE  UNIV.  OF  NEW  YORK  Fort  Schuyler,  NY  (Longobardi) 

TEXAS  A&M  UNIVERSITY  W.B.  Ledbetter  College  Station,  TX 

UNIVERSITY  OF  CALIFORNIA  Energy  Engineer,  Davis  CA;  LIVERMORE,  CA  (LAWRENCE 
LIVERMORE  LAB,  TOKARZ);  UCSF,  Physical  Plant,  San  Francisco,  CA 
UNIVERSITY  OF  DELAWARE  Civl  Engrg  Dept  (Chesson),  Newark,  DE 
UNIVERSITY  OF  HAWAII  Library  (Sci  &  Tech  Div),  Honolulu,  HI 
UNIVERSITY  OF  ILLINOIS  (Hall)  Urbana,  IL;  Library,  Urbana,  IL 
UNIVERSITY  OF  MASSACHUSETTS  (Heronemus),  ME  Dept,  Amherst,  MA 
UNIVERSITY  OF  NEBRASKA-LINCOLN  Lincoln,  NE  (Ross  Ice  Shelf  Proj.) 

UNIVERSITY  OF  TEXAS  Inst.  Marine  Sci  (Library),  Port  Arkansas  TX 
UNIVERSITY  OF  TEXAS  AT  AUSTIN  (Prof  J.N.  Thompson),  Dept  Civil  Engrg 
UNIVERSITY  OF  WISCONSIN  Great  Lakes  Studies,  Ctr,  Milwaukee,  WI 
APPLIED  SYSTEMS  R.  Smith,  Agana,  Guam 
ARVID  GRANT  Olympia,  WA 

ATLANTIC  RICHFIELD  CO.  R.E.  Smith,  Dallas,  TX 
BROWN  &  ROOT  Houston  TX  (D,  Ward) 

CHEMED  CORP  Lake  Zurich  IL  (Dearborn  Chem.  Div. Lib.) 

COLUMBIA  GULF  TRANSMISSION  CO.  Engrg  Lib,  Houston,  TX 
DIXIE  DIVING  CENTER  Decatur,  GA 
DURLACH,  O'NEAL,  JENKINS  &  ASSOC.  Columbia  SC 
ENERCOMP  H.  Amistadi,  Brunswick,  ME 

FELEC  SERVICES,  INC.  DE-3  (R.  McCuddy),  Colorado  Springs,  CO 

LINDA  HALL  LIBRARY  Doc  Dept,  Kansas  City,  MO 

LITHONIA  LIGHTING  Applications  Engrg  (B  Helton),  Conyers,  GA 

MATRECON  H.  Haxo,  Oakland,  CA 

MC  DERMOTT,  INC  E&M  Division,  New  Orleans,  LA 

MCDONNELL  AIRCRAFT  CO.  Sr  Engr,  Logistics,  St  Louis,  MO 

MEDERMOTT  &  CO.  Diving  Division,  Harvey,  LA 

PACIFIC  MARINE  TECHNOLOGY  (M.  Wagner)  Duvall,  WA 

PG&E  Library,  San  Francisco,  CA 

PHELPS  ASSOC  P.A.  Phelps,  Rheem  Valley,  CA 

PORTLAND  CEMENT  ASSOC.  Skokie  IL  (Rsch  &  Dev  Lab,  Lib.) 

RAYMOND  INTERNATIONAL  INC.  E  Colie  Soil  Tech  Dept,  Pennsauken,  NJ 


SANDIA  LABORATORIES  Library  Div.,  Livermore  CA 
SHELL  DEVELOPMENT  CO.  Houston  TX  (C.  Sellars  Jr.) 

TEXTRON  INC  BUFFALO,  NY  (RESEARCH  CENTER  LIB.) 

TRW  SYSTEMS  M/S;  951/224  (P.K.  Dai),  San  Bernardino,  CA 

UNITED  TECHNOLOGIES  Windsor  Locks  CT  (Hamilton  Std  Div.,  Library) 

WARD,  WOLSTENHOLD  ARCHITECTS  Sacramento,  CA 

WESTINGHOUSE  ELECTRIC  CORP.  Annapolis  MD  (Oceanic  Div  Lib,  Bryan):  Library,  Pittsburgh  PA 

WM  CLAPP  LABS  -  BATTELLE  Library,  Duxbury,  MA 

KETRON,  BOB  Ft  Worth,  TX 

KRUZIC,  T.P.  Silver  Spring,  MD 

PETERSEN,  CAPT  N.W.  Camarillo,  CA 

SPIELVOGEL,  LARRY  Wyncote  PA 

T.W.  MERMEL  Washington  DC 

ENERGY  RESOURCE  ASSOC  J.P.  Waltz,  Livermore,  CA 


INSTRUCTIONS 


The  Naval  Civil  Engineering  Laboratory  has  revised  its  primary  distribution  lists.  The  bottom  of 
the  mailing  label  has  several  numbers  listed.  These  numbers  correspond  to  numbers  assigned  to  the  list  of 
Subject  Categories.  Numbers  on  the  label  corresponding  to  those  on  the  list  indicate  the  subject  category  and 
type  of  documents  you  are  presently  receiving.  If  you  are  satisfied,  throw  this  card  away  (or  file  it  for  later 
reference). 

If  you  want  to  change  what  you  are  presently  receiving: 

•  Delete  —  mark  off  number  on  bottom  of  label. 

•  Add  —  circle  number  on  list. 

•  Remove  my  name  from  all  your  lists  —  check  box  on  list. 

•  Change  my  address  --  line  out  incorrect  line  and  write  in  correction  (ATTACH  MAILING  LABEL). 

•  Number  of  copies  should  be  entered  after  the  title  of  the  subject  categories  you  select. 

Fold  on  line  below  and  drop  in  the  mail. 

Note:  Numbers  on  label  but  not  listed  on  questionnaire  are  for  NCEL  use  only,  please  ignore  them. 


Fold  on  line  and  staple. 
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Commanding  Officer 
Code  LI  4 

Naval  Civil  Engineering  Laboratory 
Port  Hueneme,  California  93043 


DISTRIBUTION  QUESTIONNAIRE 

The  Naval  Civil  Engineering  Laboratory  is  revising  its  prinnary  distribution  lists. 


SUBJECT  CATEGORIES 

1  SHORE  FACIUTIES 

2  Construction  methods  and  materials  (including  corrosion 

control,  coatings) 

3  Waterfront  structures  (maintenance/deterioration  control) 

4  Utilities  (including  power  conditioning) 

5  Explosives  safety 

6  Construction  equipment  arxf  machinery 

7  Fire  prevention  and  control 

8  Antenna  technology 

9  Structural  analysis  and  design  (including  numerical  and 

computer  techniques) 

10  Protective  construction  (including  hardened  shelters, 

shock  and  vibration  studies) 

1 1  Soil/rock  mechanics 

13  BEQ 

14  Airfields  and  pavements 

15  ADVANCED  BASE  AND  AMPHIBIOUS  FACILITIES 

16  Base  facilities  (including  shelters,  power  generation,  water  supplies) 

17  Expedient  roads/airfields/bridges 

18  Amphibious  operations  (including  breakwaters,  wave  forces) 

19  Over  the^Beach  operations  (including  containerization, 

materiel  transfer,  lighterage  and  cranes) 

20  POL  storage,  transfer  and  distribution 
24  POLAR  ENGINEERING 

24  Same  as  Advanced  Base  and  Amphibious  Facilities, 
except  limited  to  cold*region  environments 


28  ENERGY/POWER  GENERATION 

29  Thermal  conservation  (thermal  engineering  of  buildings,  HVAC 

systems,  energy  loss  measurement,  F>ower  generation) 

30  Controls  and  electrical  conservation  (electrical  systems, 

energy  monitoring  and  control  systems) 

31  Fuel  flexibility  (liquid  fuels,  coal  utilization,  energy 

from  solid  waste) 

32  Alternate  energy  source  (geothermal  power,  photovoltaic 

power  systems,  solar  systems,  wind  systems,  energy  storage 
systems) 

33  Site  data  and  systems  integration  (energy  resource  data,  energy 

consumption  data,  integrating  energy  systems) 

34  ENVIRONMENTAL  PROTECTION 

35  Solid  waste  management 

36  Hazardous/toxic  materials  management 

37  Wastewater  management  and  sanitary  engineering 

38  Oil  pollution  removal  and  recovery 

39  Air  pollution 

40  Noise  abatement 

44  OCEAN  ENGINEERING 

45  Seafloor  soils  and  fourKlations 

46  Seafloor  construction  systems  and  operations  (including 

diver  and  manipulator  tools) 

47  Undersea  structures  and  materials 

48  Anchors  and  moormgs 

49  Undersea  power  systems,  electromechanical  cables, 

and  connectors 

50  Pressure  vessel  facilities 

51  Physical  environment  (including  site  surveying) 

52  Ocean-based  concrete  structures 

53  Hyperbaric  chambers 

54  Undersea  cable  dynamics 


TYPES  OF  DOCUMENTS 

85  Tech  data  Sheets  86  Technical  Reports  and  Technical  Notes  82  NCEL  Guide  &  Updates  □  None— 

83  Table  of  Contents  8c  Index  to  TDS  91  Physical  Security  remove  my  name 


PLEASE  HELP  US  PUT  THE  ZIP  IN  YOUR 
MAIL!  ADD  YOUR  FOUR  NEW  ZIP  DIGITS 
TO  YOUR  LABEL  (OR  FACSIMILE), 
STAPLE  INSIDE  THIS  SELF-MAILER,  AND 
RETURN  TO  US. 
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